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Abstract 
"P NMR spectroscopy was used to investigate the mechanism and kinetics 
of the hydrolysis of the metal dithiophosphate class of lubricant additives. The 
homogeneous hydrolysis of zinc(II) bis(O,O-dialkyl dithiophosphates), 
[(RO) 2PS 2 1 2Zn, (ZDTP5), where R= ethyl, 2-propyl, 2-butyl, n-hexyl, 4-methyl-2- 
pentyl and 2-ethyihexyl, at 85°C in 1,2-dimethoxyethane solution proceeded to 
give phosphoric acid, O-alkyl thiophosphoric acid, 0,0-dialkyl dithiophosphoric 
acid and O-alkyl phosphoric acid via the corresponding intermediary 0,0-dialkyl 
dithiophosphoric acid and thiophosphoric acid. The rates of hydrolysis were 
found to be independent of the alkyl substituent and fall within the range 
kObI=(2.34-2.96)xlO4S' The null effect of the alkyl groups upon the rate of 
hydrolysis is attributed to hydrophobic interactions that leave the central zinc 
atom exposed to attack by water irrespective of their size. 
A comparative study of the hydrolysis of the related cadmium(II) 
and nickel(II) bis(O,O-diethyl dithiophosphates) (CdDTP and NiDTP) showed 
that both give rise to hydrolysis products identical to those observed for ZDTPs. 
Diethyl CdDTP is hydrolysed at a comparable rate to diethyl ZDTP 
(k Ob= 2 . 28 xlO 4s' vs 2.34x10 4 s 1 ). Diethyl NiDTP on the other hand hydrolyses at 
a rate that is some one hundred-fold slower. These results are explained in terms 
of the respective metal-sulphur bond strengths which are 205kJmol' and 
208.5kJmol' for Zn-S and Cd-S, but 344kJmol' for the Ni-S bond. The stronger 
Ni-S bond also results in the observation of "P NMR resonances for two hydrated 
species of the NiDTP whose participation in the hydrolytic process had 
previously been the subject of speculation. 
The hydrolysis of ZDTPs in a heterogeneous solvent system was 
also studied using a 1:1 mixture of n-heptane and p-xylene as solvent. It was 
found that hydrolysis proceeded via the same pathway as in homogeneous 
conditions but that the rate of hydrolysis was considerably slower and dependent 
upon the size of the alkyl substituents (k Ob,=4 .l6-O.66xlO 5 s'). This was 
attributed to the restricted access of water to the ZDTP as a consequence of its 
immiscibility with the solvent as well as the formation of a protective 
hydrophobic barrier around the zinc atom by the alkyl groups in the absence of 
any hydrophobic interactions. 
It was also found that the hydrolysis of ZDTPs is inhibited by 
means of an induction period in the presence of amines of the type used as 
dispersant additives in lubricants, probably as a result of their consumption of 
catalytic phosphoric acids produced by hydrolysis. 
SYMBOLS AND ABBREVIATIONS 
moldm-3 moles/litre 
ml millilitres 
°C degrees Celsius 
mp melting point 
bp 	 boiling point 
h, mm, s 	 hour(s), minutes(s), second(s) 
NMR 	 nuclear magnetic resonance 
80ppm 	 chemical shift(delta)[nucleus]parts per million 
s,d,t,q,m,dt etc 	 singlet, doublet, triplet, multiplet, doublet of triplets 
(no. of bonds)coupling constant(coupled nuclei) 
MDT? metal(fl) 0,0-dialkyl dithiophosphate (M=zinc (Z), 
cadmium (Cd), nickel (Ni)) 
DME 1 ,2-dimethoxyethane 
deen 1,2-diethylethylene diamine 
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CHAPTER 1 
LUBRICANTS AND THE ROLE OF LUBRICANT 
ADDITIVES 
1.1 Introduction 
The use of lubricants has long been recognised 
as being fundamental to the successful and efficient 
operation of machines, gears etc. where friction and wear 
occur. Recordings of the use of lubricants can be traced 
back as far as the early civilisations of Egypt and 
Sumeria'. The sources of these lubricants were invariably 
derived from animal fats and vegetable oils 2 and 
changed little until the mid-nineteenth century, when 
mineral oils, previously only available in small quantities 
from the distillation of shale, became widely accessible 
though the development of flowing and pumped oil wells 3 . 
Industrial developments, and in particular the appearance 
of the internal combustion engine, gave rise to demands on 
lubricants performance which such untreated mineral oils 
could not match. As a result, the development of 
performance enhancing lubricant additives has grown over 
the past fifty years or so to give lubricant oils which 
perform under diverse conditions and meet many 
requirements. 
2 
1.2 Petroleum based lubricants 
The mineral oils used as the base fluid for 
lubricants are obtained from the vacuum distillation of 
crude oils during the refining process and consist 
predominantly of hydrocarbons in the C 20 -C 45 range47 . 
These can be further subdivided into a number of 
categories which are alkanes (paraffins), alkenes (olefins), 
alicyclics (naphthenes) and aromatics. The actual 
composition of the oil can vary tremendously depending 
upon the source of the crude, but typically will contain 
70-85% straight chain and cyclic compounds and 15-30% 
aromatics. Also present are 0.5-2% of nitrogen, oxygen 
and sulphur containing compounds, predominantly 
heterocycles and organo-phosphorus compounds such as 
mercaptans (RSH), sulphides (RSR), and disulphides 
(RSSR). These compounds provide a considerable 
contribution to the overall properties of the oil as many of 
these species can act as natural anti-oxidants, whereas 
others show pro-oxidant behaviour 89 . 
The major cause of the degradation of mineral 
oils is by the oxidation of hydrocarbons. Studies have 
shown that the oxidative stability of base oils is at a 
maximum when the aromatic content is in the range of 10-
20%. and the sulphur content is 0.0050.007%.10,11.  This 
has been attributed to a synergistic interaction between 
phenols formed as a result of hydrocarbon oxidation and 
3 
certain thio-ethers, resulting in an increase in oxidative 
stability 12 . Due to the importance of the oxidation of 
hydrocarbons and the effect it has on lubricant 
performance, it is worth considering this process in detail. 
4 
1.3 The autoxidation of mineral lubricating oils 
The 	degradation 	of 	hydrocarbon 	based 
lubricants by the process of oxidation has an extremely 
important bearing on the efficiency and lifetime of the oil. 
It is well established 13-18 that at typical lubricant 
operating temperatures, oxidation of hydrocarbons occurs 
via an auto-catalytic free radical chain reaction as shown 
in Scheme 1. Oxidation is initiated by the slow 
reaction 1920 of the hydrocarbon with oxygen, which may 
be catalysed by the presence of a transition metal such as 
Fe 2 , Cu 2 , CO 2 or Mn2 21  to give an alkyl radical. The 
chain is propagated by the irreversible reaction of the 
alkyl radical with oxygen to give an alkyl peroxy radical 
(ROOt), which in turn abstracts a hydrogen atom from 
another hydrocarbon to give the hydroperoxide species 
(ROOH) (equations 2,3). Alternatively, the alkyl peroxy 
radical can undergo intramolucular hydrogen abstraction 
followed by further reaction with oxygen to give a 
dihydroperoxide species 22 ' 23 . Decomposition of the 
hydroperoxide gives rise to the alkoxy and hydroxy 
radicals (equation 4) leading to chain branching via 
reaction with additional hydrocarbons to give further alkyl 
radicals (equations 5,6). Termination of the chain reaction 
occurs through radical-radical recombinations which result 
in non radical products such as aldehydes, ketones, 
alcohols and peroxides (equations 7,8). 
2+ 
M '°2 R—H 	 R. 	+ 'OOH 
R +02 	 ROO1 
ROO• + R—H 	 ROOH 	+ R• 
ROOH 	 10 	 RO. 	+ 	-OH 
OH + R—H 	 No 	HO 	+ 	R 
RO - + R—H 	 so 	ROH 	+ 	R 
2 ROO. 	 R0000R 	No R=O + ROH + 02 
R• + ROO• 
	
DoTolm 




At higher temperatures (>120°C ) a secondary 
oxidation phase exists where difunctional oxygenated 
products such as aldehydes and ketones, formed from 
dihydroperoxides in the primary oxidation steps, are 
known 24 to polycondense, forming oil insoluble sludges 
and varnish like deposits on metal surfaces 25 . These both 
increase the viscosity and reduce the performance of the 
lubricant. 
7 
1.4 The role of lubricant additives 
The lubricants derived from mineral oils are 
extremely effective at reducing friction and wear, 
particularly at low temperatures and under low or 
moderate loads. However, modern machinery, and in 
particular high performance internal combustion engines, 
require lubricants that are capable of functioning in severe 
operating conditions including high temperatures, the 
presence of oxygen and other corrosive substances and 
with very high loads applied to the moving metal surfaces. 
As a result, a large number of chemical lubricant additives 
have been developed to maximise the performance and 
effective operating life of lubricants, with emphasis being 
put on (i) high temperature properties to control 
deterioration, (ii) low temperature characteristics to 
prevent the formation of deposits and (iii) anti-wear 
performance 26 . The most important type of additives are 
discussed below. 
(a) Anti-oxidant Additives 
As discussed in the previous Section (1.3), 
hydrocarbon mineral oils are succeptable to auto-catalytic 
oxidative degradation which results in the formation of 
oil-insoluble sludges and varnishes, along with an increase 
in viscosity and corrosion. To combat these problems, a 
number of anti-oxidants have been developed. These anti- 
8 	- 
oxidants can be divided into two classes according to their 
mode of action 16 ' 27 : 
"Chain Breaking" Anti-oxidants, which prevent 
chain propagation by scavenging alkyl peroxy radicals. 
Typical compounds of this type are the hindered phenols 1 
and 	aromatic 	amines 	2 	as 	well 	as 	the 	metal 
dithiophosphates 3. This class of anti-oxidants act by 
donating a hydrogen atom to an alkyl peroxy radical, 
forming the less active hydroperoxide and a resonance 
stabilised radical as shown by the general reaction 
10 15,16,27 . 
 
ROO• + A-H 	- 	ROOH + A• 	10 
The radicals formed react with further alkyl peroxy 
radicals to give stable end products 2830 
Peroxide Destroyers, which remove the chain 
initiating hydroperoxide species ROOH, to give inactive 
products. The best known of this class of anti-oxidant are 
the metal dithiophosphates 3 as well as other sulphur 
containing compounds such as the metal dithiocarbamates 
4. 
It is common for both these classes of anti-
oxidant to be used in conjunction as they often act 
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Anti-oxidant Additives 
(b) Detergent and Dispersant Additives 
These are two related classes of additives whose 
functions are to prevent the formation of harmful carbon 
deposits and sludges by keeping contaminants such as fuel 
soot, unburnt fuel, lead salts and lubricant decomposition 
products in suspension. They also serve the purpose of 
neutralising corrosive combustion and oxidation products. 
Both detergent and dispersant additives generally consist 
of a long hydrocarbon chain (which provides oil 
solubility) coupled to a polar group which contains either 
a metal or hetero-species. 
Commercial detergent additives 27 are usually 
calcium or barium phenates 5 or sulphonates 6 and serve 
the purpose of controlling the formation of sludges and 
varnish residues at high operating temperatures. "Over 
basing" (ie. the addition of a stoichiometric excess of 
metal ions in the form of the carbonate or hydroxide ) is 
commonly used to improve their ability to neutralise acid 
contaminants3 1.32 
Dispersant 	additives 	are 	typified 	by 	the 
polyamine succinamides 7. Their function is to retain 
sludges suspended in solution at low operating 
temperatures by the formation of sludge/dispersant 







A = polyisobutylene 0" 
CH2CH2NH(CH2CH2NH)3CH2CH2NH2 
7 
Detergent and Dispersant Additives 
(c) Load Carrying Additives 
Load carrying additives (or anti-wear additives) 
are employed in lubricants to reduce the damage caused to 
mating metal surfaces by friction and wear. They are 
divided into two classes according to their function 34 . 
Anti-wear additives operate in conditions where 
metal-metal contact is minimal or light and act by 
physically or chemically adsorbing onto the metal surface 
to form a protective shearáble film 35 . These additives are 
typically long-chain hydrocarbons with polar heads and 
include stearic acid, cresyl alcohol, tricresylphosphate and 
metal dithiophosphates. 
Extreme Pressure (EP) additives operate when 
sliding conditions are severe and chemisorbed additives 
are ineffective. These additives are usually organo-
sulphur, phosphorus or chlorine compounds 27 . 35 and 
include the metal dithiophosphates. They are believed to 
function by decomposing to form inorganic films of low 
shear strength at the metal surface. 
Many other categories of lubricant additives are 
commonly used, mainly to control the bulk properties of 
the oil. These include viscosity index improvers, pour-. 




THE ROLE OF METAL DITHIOPHOSPHATES AS LUBRICANT ADDiTIVES 
2.1 	Introduction 	 15 
2.2 	The anti-oxidant activity of ZDTPs 
	
18 
2.3 	The anti-wear activity of ZDTPs 
	
28 
2.4 	The hydrolysis of ZDTPs 	 35 
2.5 	Interactions between lubricant additives 	 40 
2.6 Programme of research 	 44 
CHAPTER 2 
THE ROLE OF METAL DITHIOPHOSPHATES AS 
LUBRICANT ADDITIVES 
2.2 Introduction 
The metal dithiophosphates 3 are the most 
widely used and arguably the. most important class of 
lubricant additives found in commercial lubricant packages 
because of their dual function as both anti-oxidant and 
anti wear agents 26 ' 27 . This class includes the 
corresponding complexes of zinc, nickel, cadmium, lead, 
antimony and molybdenum, although by far the most 
widely used on the grounds of performance, economics and 
low toxicity are the zinc dithiophosphates (ZDTPs) 8. The 
ZDTPs are defined as 	primary 	, secondary or 	aromatic, 
depending upon the alcohol from which they are derived, 
and 	the 	nature 	of 	the 	alkyl group 	determines the 
applications 	for which they 	are selected 37 . 	 For 	example, 
aryl 	ZDTPs 	have a 	relatively high 	degree of 	thermal 
stability 	and 	are therefore 	used 	in 	high temperature 
environments such as diesel engine oils, whereas primary 
and secondary ZDTPs which have a lower thermal stability 
are more often applied to petrol engine oils and hydraulic 
fluids. 
15 
Zinc dithiophosphates are known to exist in two 
forms 38 : the "normal" ZDTP, [(RO)2PS2]2Zn, 8, which has 
a 	4-coordinate, 	tetrahedral 	arrangement 	of 	two 
dithiophosphate groups around the zinc atom, and a second 
form known as the "basic" ZDTP, [(RO) 2 PS 2 ] 6 Zn 4 O 9 1  
which is known to have a cage structure formed by six 
dithiophosphate moieties associated with four zinc atoms 
tetrahedrally coordinated around a central oxygen 
atom 3839 . Commercially produced ZDTPs usually contain a 
significant proportion of the "basic" form as a by-product 
of the manufacturing process from the corresponding 
dialkyl dithiophosphoric acid and zinc(II)oxide. The 
"basic" ZDTP has been reported as being inactive as an 
anti-oxidant or anti-wear agent 40 . 
Although ZDTPs have been used as lubricant 
additives for almost fifty years, and although they have 
been the subject of much research, many aspects of their 
mode of action are still the source of much discussion. 
However it is widely accepted that their decomposition by 
oxidation, thermal decomposition and hydrolysis are the 
keys to their activity. The mechanisms and products of 
these processes, along with the effect of other lubricant 
additives on ZDTP activity, are discussed in the following 
sections. 
16 
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2.2 The anti-oxidant activity of ZDTPs 
As has been discussed in the previous chapter 
(1.4), there are two distinct mechanisms by which anti-
oxidant agents can inhibit the oxidation of hydrocarbons, 
those being by the destruction of the hydroperoxide 
species, ROOH, and by the inhibition of chain propagation 
via the removal of alkyl peroxy radicals, ROO•. The 
mechanism of ZDTP anti-oxidant activity is a complex 
interaction of both of these routes, resulting in an 
extremely efficient anti-oxidant process. 
It has long been realised that ZDTPs show anti-
oxidant activity by acting as hydroperoxide destroyers 41-
44. Kennerly and Patterson 4 ' observed that such activity 
occurred for a number of sulphur containing compounds, 
including the metal dithiophosphates, and suggested that 
the mechanism of peroxide decomposition occurred by the 
well known electrophile catalysed ionic rearrangement 
reaction 45 . This was supported by Holdsworth et a144 who 
showed that the ZDTP catalysed decomposition of cumene 
hydroperoxide 10 gave rise to phenol and acetone as 
products, as would be expected for a cationic mechanism 
(Scheme 2)46.47,  with the formation of the disulphide 
[(RO) 2 PS 2 ] 2 11 as the isolated product of ZDTP oxidation. 
Burn et a148 observed that the decomposition of 
cumene hydroperoxide' by ZDTP occurred in three stages: 
(i) An initial fast auto-inhibitive reaction 
18 
Me 
Ph-? — OOH 
Me 
10 
PhCMe200H + X 	No 	PhCMe20 + XOH 
+ 
PhCMe2O 	 PhOCMe2 
+ 
PhOCMe2 + PhCMe200H 	 PhOH + Me2CO + PhCMe2C 
+ 
PhOCMe2 + XOH - _____ PhOH + Me2CO + X 
Scheme 2 
A slow reaction referred to as the induction 
period 
Fast completion of decomposition following 
first-order kinetics 
It was also shown that the reaction products included a-
methylstyrene, cz,cx-dimethylbenzyl alcohol and 
acetophenone as well as the previously reported phenol 
and acetone. The initial fast reaction was attributed to the 
reduction of cumene hydroperoxide to a,a-dimethylbenzyl 
alcohol 12 with the accompanying oxidation of the ZDTP 
to the disulphide 11 via the electron transfer mechanism 
shown in Scheme 3. This has since been confirmed by a 
number of investigations 49-53 . The final stage, the fast 
decomposition of the remaining cumene hydroperoxide was 
found to coincide with the formation of the phenol and 
acetone, indicating the involvement of the catalysed ionic 
rearrangement mechanism as previously discussed. The 
nature of the catalyst has been the subject of much 
debate 43 ' 44 ' 48 ' 536 ' and has been variously proposed as 
being due to ZDTP decomposition products 43 , sulphur 
dioxide formed from sulphur containing additive S44.54-56 
sulphuric acid 5759 and electron transfer processes 60 . 61 . 
Bridgewater et a1 53 and Sexton 62 have more recently shown 
that the active catalyst is in fact the dialkyl 
dithiophosphoric acid, (RO) 2 PS 2 H 13. In a comprehensive 
study, they concluded that the induction period occurs as a 
result of the formation of the "basic" ZDTP 9 and 
20 
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disulpide 11 during the reaction 4863 of "normal"ZDTP 8 
and the hydroperoxide in the initial, fast stage of the 
reaction (equation 11). 
4[(RO)2PS2] 2Zn + R'OOH -* [(RO)2PS2]6Zn4O + [(RO) 2PS2] 2 + R'OH 	11 
8 	 9 	 11 
The induction period then occurs as the "basic" ZDTP 
slowly decomposes back to its "normal" form according to 
equation 12. 
[(RO)2PS2]6Zn4O -* 3[(RO) 2PS2]2Zn + ZnO 	12 
9 	 8 
Formation of the dithiophosphoric acid 13 occurs as a 
result by the hydrolytic decomposition of the "normal" 
ZDTP 64-66 (equation 13) and also, at higher temperatures 
by the decomposition of the disulphide 11 to give two 
dithiophosphate radicals 14 which abstract hydrogen atoms 
from hydroperoxide to give the acid (equation 14). 
[(RO)2PS2]2Zn + H20 - (RO)2PS2H + (RO)2PS2ZnOH 	13 
8 	 13 
[(RO)2PS2]2  -* 2(RO)2PS2 • 2ROOH,l(RO)2pS2H + 2R'00• 	14 
11 	 14 	 13 
22 
The 	mechanism 	proposed 	for 	this 	acid-catalysed 
decomposition of cumene hydroperoxide is shown in 
Scheme 4. 
Colciough and Cuneen 67 showed that 	ZDTPs 
also inhibit 	oxidation by interfering with the propagation 
of the oxidative chain reaction by reacting with 
alkylperoxy radicals, R00. They proposed the electron 
transfer mechanism shown in Scheme 5 in which the 
abstraction of an electron from an electron-rich sulphur 
atom by the peroxy radical is followed by the formation of 
the dithiphosphate radical 14 which then dimerises to give 
the disulphide 11. However, no direct evidence for this 
mechanism was proposed and Burn 68 believed that the 
dithiophosphate radical, if present could be expected to 
insert into an available hydrocarbon double bond 69 . As 
there was no evidence of this occurring, he favoured a 
mechanism in which the stabilised peroxy intermediate 15 
was formed and subsequently reacted with a second peroxy 
radical to form the disulphide 13 via an intramolecular 
dimerisation reaction as shown in Scheme 6. It was also 
suggested that the role of the metal was crucial in such a 
mechanism as it allows an easy route for heterolysis of the 
radical intermediate, citing the inactivity of the disulphide 
as an anti-oxidant as evidence. Later, Howard and 
Korcek 70 , reported that they could find no evidence that 
peroxy-radicals react with organo-sulphur compounds at 
23 
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Scheme 6 
the sulphur atom, and more recently, Howard et a1 71 ' 72 
have proposed a mechanism in which the peroxy radical 
attacks at the metal centre rather than at sulphur, either by 
an electron transfer mechanism (equation 15) or perhaps 
an SH2  process (equation 16). 
[(RO)2PS2]2Zn + R'OO -p (RO) 2PS2Zn +(RO)2PS2 + R'OO 15 
8 	 14 
[(RO)2PS2]2Zn + R'OO - (RO) 2PS2ZnOOR' + (RO)2PS2 	16 
8 	 14 
Previous arguments 68 against the participation of the 
dithiophosphate radical 14 are countered by the 
observation that the dithiophosphoric acid 13 itself 
inhibits hydrocarbon oxidation and also reacts with peroxy 
radicals". It is proposed that the mechanism of this 
inhibition is the abstraction of the acidic hydrogen from 
the dithiophosphoric acid 13 by the peroxy radical, 
resulting in the formation of the dithiophosphate radical 
14 and the hydroperoxide species (equation 17). 
(RO)2PS2H + R'00.-..-* (RO)2PS2• + R'OOH 	17 
13 	 14 
Inhibition results as the dithiophosphate radical is less 
active than the peroxy radical in chain propagation 
reactions. 
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2.3 The anti-wear activity of ZDTPs 
It is generally accepted that the load carrying 
(anti-wear) properties of ZDTPs are attributable not to the 
actions of the ZDTP itself but to the reactions of its 
thermal degradation products with the contacting metal 
surfaces 74 . 
The mechanism of the thermal decomposition of 
ZDTPs has been the source of much discussion and 
controversy. Early workers argued between an acid-
catalysed carbonium ion reaction 75 and radical processes 64 . 
Ashford et a1 76 proposed a mechanism which involved the 
elimination of both carbonium ions and free radicals, and 
identified the primary products of thermal decomposition 
as being alkenes, hydrogen sulphide and a mixture of 
organo-sulphur compounds. A number of studies 76-79 
indicated the participation of an intramolecular 
elimination of f an alkene as a key step in the mechanism. 
Dickert and Rowe 80 showed the thermal decomposition of 
ZDTPs to be autocatalytic and proposed the intramolecular 
elimination reaction shown in Scheme 7. The isomerisation 
of the P=S bond to P=O results in an initial induction 
period which is followed by the intramolecular elimination 
of the alkene. The increasing acid concentration initiates 
the acid-catalysed formation of the thiol and the resulting 
phosphate species combine to give the polyphosphate 16. 
The evolution of hydrogen sulphide and the formation of 
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organo-sulphur products was attributed to dimolecular 
reactions of the thiol. It was also observed that the 
thermal stability of the ZDTPs decreased with an increase 
in the number of hydrogen atoms on the p-carbon of the 
alkyl group (providing further evidence for the mechanism 
proposed) and also decreased with an increase in the size 
of the metal cation. 
Luther et a!, having previously advocated a 
radical mechanism 64 , rejected this in favour of an acid 
catalysed carbonium ion elimination mechanism 66 for the 
formation of the polyphosphate 16 as shown in Scheme 8, 
with the free carbonium ion giving rise to the alkene and 
alkyl sulphides. More recently, a hydrolytic mechanism 
has been suggested 65 ' 81-83 . Spedding and Watkins 83 
proposed that hydrolysis of the ZDTP occurs to give a 
thiophosphoric acid and an alcohol which spontaneously 
dehydrates to give the alkene. Similarly, hydrolysis of a 
P=S bond would yield hydrogen sulphide, which in turn 
reacts with the alkene giving rise to the other sulphur 
compounds (Scheme 9). 
From the above, it is clear that the thermal 
decomposition of ZDTPs is a complex process which may 
occur by one or more of a number of viable mechanisms. It 
is worth bearing in mind however that it is the products of 
decomposition that are known to be implicated in the anti-
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Scheme 9 
The 	mechanisms 	by 	which 	load-carrying 
additives may function were briefly discussed in Chapter 
1. In the case of ZDTPs, the initial chemisorption of both 
the ZDTP and its thermal decomposition products onto the 
metal surface results in a thick protective film which 
contributes a mild anti-wear effect by assisting in the 
lubrication of the rubbing surfaces 35 ' 84 . Under more severe 
operating conditions such as the high temperatures and 
loads found in some parts of an engine, the thermal 
decomposition products (the polyphosphates and alkyl 
sulphides) undergo further changes to give protective 
films which are believed to be inorganic in nature 35 ' 84-87 . 
Using electron spectroscopy for chemical analysis (esca), 
Watkins 87 has shown that zinc polyphosphates, on being 
adsorbed onto a metal surface, melt at around 200-300 0 C 
to form a fluid glass which lubricates the surface, whilst 
mixed alkyl sulphides react with the surface oxide layer 
and are oxidised to elemental sulphur. This further reacts 
with iron to form iron sulphide which performs the anti-
wear function by forming a ternary eutectic with iron 
oxide according to equation 17 
Fe + 	Fe203 	+ 	FeS 	- 	eutectic 	17 
This eutectic melts 	in the region of 900 0 C and forms a 
fluid surface film under extreme pressure conditions. 
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It has been shown 74 ' 80 ' 89 that a correlation 
exists between decreasing thermal stability and an increase 
in anti-wear performance of the ZDTP. Jayne and Elliot 74 
concluded that ZDTPs derived from secondary alcohols 
performed better than those derived from primary alcohols 
and that both in turn showed significantly better anti-wear 
properties than aryl ZDTPs. There is no such correlation 
however between thermal stability and extreme pressure 
activity". Indeed there is Some evidence" to suggest that 
the reverse is the case and that extreme-pressure 
performance improves with increasing thermal stability, 
implying the role of some zinc substrate in the adsorption 
onto the metal surface 92 . 
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2.4 The hydrolysis of ZDTPs 
Water is an extremely common contaminant in 
engine lubricant oils, occurring naturally, during storage 
and most importantly as a product of fuel combustion. Its 
presence contributes to the deterioration of the lubricant 
and accelerates the corrosion of metal parts 93 . Although 
ZDTPs have been in use for many years, surprisingly, the 
effect of hydrolytic decomposition has, until recently, 
generally been neglected, despite the fact that it has long 
been recognised that such a mechanism exists 37 ' 8183 ' 93 , 
giving rise to a number of acidic oil-soluble and oil-
insoluble products which adversely affect the performance 
of the lubricant. Indeed, the importance of the hydrolytic 
pathway is indicated by the fact that it has been implicated 
in the mechanisms of both oxidation and thermal 
decomposition of ZDTPs 53 ' 6466 ' 93 . 
Recent work by Dewan 94 has shown that 
hydrolysis of diethyl ZDTP 8a proceeds via attack by 
water at the zinc atom to give 0,0-diethyl 
dithiophosphoric acid 13a as the primary hydrolysis 
product. This species underwent further hydrolysis via an 
unidentified intermediate to give phosphoric acid 21, 
0-ethyl thiophosphoric acid 22a and 0,0-diethyl 
thiophosphoric acid 23a as products. Further work by Tan 
et a195 ' 96 confirmed these observations and concluded that 
formation of the diethyl dithiop'hosphoric acid 13a 
kEl 
occurred via the unobserved hydrated species 17a and was 
followed by stepwise hydrolysis via 0-ethyl 
dithiophosphoric acid iSa, and dithiophosphoric acid 19 to 
give thiophosphoric acid 20 as shown in Scheme 10. This 
was the intermediate which previously eluded Dewan and 
was identified from its 'H-coupled 31p  NMR resonance. It 
was found that the thiophosphoric acid 20 then underwent 
both hydrolysis to give phosphoric acid 21 and a series of 
transesterification reactions with diethyl dithiophosphoric 
acid 13a to give 0-ethyl thiophosphoric acid 22a and 0,0-
diethyl thiophosphoric acid 23a. Transfer of an ethoxy 
group rather than an ethyl group was confirmed by the lack 
of any S-ethyl species being formed. Thiophosphoric acid 
20 was found to also undergo similar reactions with 
ethanol but at a much slower rate. It was also observed 
that another product, 0-ethyl phosphoric acid 24a was 
formed as a result of the hydrolysis of 0-ethyl 
thiophosphoric acid 22a. 
Concurrent with the formation of these soluble 
products was the precipitation of an insoluble solid which 
was identified as being a mixture of zinc(II) hydroxide, 
zinc oxide, zinc sulphide, zinc phosphate and zinc 
polyphosphate, the latter products being formed by the 
reaction of zinc hydroxide with phosphoric acid and 
hydrogen sulphide 
It has also been demonstrated 97 that in the 
presence of its "basic" form, the hydrolysis of "normal" 
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2-propyl ZDTP 8b is inhibited. It was found that upon 
hydrolysis, the "basic" ZDTP decomposed to the normal 
form and zinc(II) oxide but that further hydrolysis to the 
previously observed products did not occur until all the 
"basic" ZDTP had been consumed. These observations were 
rationalised in terms of the primary hydrolysis product, 
the dithiophosphoric acid 13b recombining with zinc oxide 
to regenerate the "normal" ZDTP as shown in Scheme 11. 
As a result, consumption of zinc oxide drives the basic-
normal equilibrium to the right until all the basic ZDTP is 
removed, where-upon hydrolysis of the "normal" ZDTP 
proceeds as expected. This argument was enforced by the 
observation that the addition of zinc oxide alone to the 
"normal" ZDTP also resulted in an induction period before 
hydrolysis commenced. 
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2.5 Interactions between lubricant additives 
The formulation of commercial lubricant oils 
requires 	the 	use of a number of performance 	enhancing 
additives 	as previously discussed 	(1.4). 	It has 	often 	been 
observed 	that 	the performance 	of 	certain 	additives 	in 	a 
fully 	blended 	oil can show marked variance to that seen 
when the additive is tested alone 98 . 	Such interactions may 
occur in the bulk oil or at the interfacing metal 	surfaces. 
Equally, they may be either synergistic or antagonistic. It 
is known that the presence of some aromatics and sulphur 
compounds, present as a result of incomplete refining of 
the 	base 	oil, 	can have 	significant 	effects 	upon 	additive 
performance 99 . An example of a desirable additive-additive 
interaction 	is 	the commonly used synergistic combination 
of free radical 	inhibitor and peroxide destroyer types of 
anti-oxidants 	to 	enhance 	the 	oxidative 	stability 	of 	the 
lubric ant4 1 • 100 
It is well known that the anti-wear performance 
of ZDTPs can be affected by the presence of other 
additives, particularly over-based metallic detergents 101-
103 and succinamide ashless dispersants 102-104 . Basic 
additives such as these retard the thermal decomposition 
of ZDTPs 80 ' 8 ' and are also capable of neutralising the acid 
phosphate decomposition products which are believed to 
contribute most to anti-wear protection 105 . It is also 
thought that these additives interfere with ZDTP derived 
40 
anti-wear species by co-adsorbing onto the metal surface 
in competition with them, the result being a reduced anti-
wear performance due to the net contribution of all the 
adsorbed species 105107 . 
The effectiveness of ZDTPs is also diminished 
by interactions with succinamide complexes to give 
ZDTP/amine complexes. The formation of such complexes 
between ZDTPs and small mono and diamines is well 
known 40 " 08111 . The structure of these complexes is 
dependent upon the nature of the amine' 07111 , with 
primary and unhindered secondary amines forming 1:2 
complexes 25 and sterically hindered secondary amines 
giving a complex of the 1:1 type 26. Diamines have been 
shown to form both 1:1 complexes 27 and 2:1 bridging 
structures 28. Shiomi et al'" proposed that polyamine 
succinamide dispersants formed complex structures with 
ZDTPs as shown in Figure 1 and concluded that the anti-
wear properties of the complex were less than that of the 
free ZDTP due to its poorer adsorptivity at the metal 
surface. It is clear that such interactions are of great 
significance in determining the most effective blend of 
additives for lubricants. 
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2.6 Programme of research 
The aims of this project were to use 3 P NMR 
spectroscopy to extend the work of Dewan 94 and Tan 95 by 
investigating the hydrolysis of a range of alkyl substituted 
ZDTPs to determine the effects, if any of the size and 
structure of the alkyl group upon the mechanism and/or the 
rate of reaction. The previous work had been based around 
the hydrolysis of diethyl ZDTP 8a and it was decided to 
broaden the range to include a variety of primary and 
secondary alkyl groups of varying size and steric bulk. 
Those chosen of study were 2-propyl ZDTP Sb, 2-butyl 
ZDTP Sc, n-hexyl ZDTP Sd, 4-m ethyl- 2-pentyl ZDTP Se 
and 2-ethyihexyl ZDTP Sf. It was also decided that the 
hydrolysis of the corresponding cadmium and nickel 
dithiophosphate complexes should be investigated to 
determine the effect of a different metal atom upon the 
reaction. 
Further it was considered necessary to move 
away from the homogeneous hydrolysis system in use until 
this point, which used the water miscible 1,2-
dimethoxyethane as a solvent, to a water imiscible 
heterogeneous solvent which could better model a 
lubricant oil. It was also planned to study the effect of the 
presence of other lubricant additives such as the 
polyamine succinamide dispersants 7 upon the hydrolysis 
44 
of ZDTPs in an attempt to provide an insight into the 
significance of hydrolytic degradation upon the 
performance of ZDTPs as lubricant additives. 
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CHAPTER 3 
THE USE OF PHOSPHORUS-31 NUCLEAR MAGNETIC 
RESONANCE SPECTROSCOPY AS A TECHNIQUE FOR 
MONITORING CHEMICAL REACTIONS 
3.1 Introduction 
Previous 	studies 9497 	have 	shown 	that 
phosphorus-31 nuclear magnetic resonance (31P  NMR) 
spectroscopy is by far the most useful technique available 
for the investigation of the mechanism and kinetics of the 
hydrolysis of zinc dialkyl dithiophosphates as it readily 
facilitates the monitoring, measurement and identification 
of the numerous phosphorus containing products formed. 
Generally, the advent of 31 NMR spectroscopy has 
revolutionised the field of organo-phosphorus chemistry 
by providing an insight into the progress and mechanisms 
of reactions and assisting with the identification and 
characterisation of products and intermediates' 12-114  The 
reasons that the 31 nucleus lends itself so readily to NMR 
studies are derived from the fact that it has a natural 
abundance of 100% and a spin 1=1/2. Although it has a 
sensitivity of only 6.6% compared to the 'H nucleus, 
modern medium to high field Fourier Transform NMR 
spectrometers enable the acquisition of high resolution 
spectra in quite short timescales. 
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31 p NMR spectroscopy is particularly useful in 
the study of reactions where a large number of species may 
be present, because by using broad band decoupled modes, 
each phosphorus resonance will appear as a single peak, 
hence greatly simplifying spectra. 
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3.2 The chemical shifts and spin-spin couplings of 
phosphorus-31 
As is usual in NMR spectroscopy, 31p  chemical 
shifts are referenced relative to the signal of a standard, 
usually 85% phosphoric acid, and follow the IUPAC 
convention'' 5 of positive values to high frequency. 
However, in the earlier literature (pre 1975), such 
chemical shifts are normally given the opposite sign. The 
chemical shift value, 3, expressed in parts per million 
(ppm ), is defined in equation 18 and is independent of the 
magnetic field strength. 
= [ Vobs - Vref / Vref I X 10 -6 	 18 
The chemical shifts of phosphorus compounds 
occupy a very wide range of values (figure 2), typically 
between +300 and -400ppm and are dependent upon both 
the coordination of the phosphorus atom and the nature of 
the bonded groups. Other, more subtle, variations in 
chemical shift occur due to external influences such as 
concentration, temperature, pH and solvent effects. 
A good example of the variation in chemical 
shift which can occur in related compounds can be 
obtained by considering the (thio)phosphoryl species 
which are of relevance to this project (figure 3). It can 
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Figure 3. Typical phosphorus-31 NMR chemical shifts (ppm) for (thio) 
phosphoryl species. 
clearly be seen that the difference in chemical shift 
between 	dithiophosphoryl 	(op 	+100 	to 	+80ppm), 
thiophosphoryl (Op +80 to +20ppm) and phosphoryl (Op 
+10 to -30ppm) is quite significant. Further smaller 
variations are caused by changes more remote from the 
phosphorus atom such as differing substituents on the 
oxygen and sulphur atoms. 
Spin-spin coupling occurs as a result of 
electronic interactions between magnetically active nuclei 
within a molecule. The result is a splitting of the NMR 
signal into multiplet peaks, the multiplicity of which 
depends upon the number of neighbouring nuclei the signal 
is coupled to. This corresponds to n+1 coupling nuclei and 
the sum of the multiplet peaks gives the overall intensity 
of the signal. The spin-spin coupling constant, J, is a 
measure of the magnitude of such interactions and when 
expressed in hertz is independent of the field strength. 
The value of J can vary significantly' 16  depending both on 
the nature of the coupling species and on the number of 
bonds separating them. In this project, the observation of 
31 P- 1 H spin-spin coupling provides a useful method of 
differentiating between dialkyl (thio)phosphoryl, alkyl 
(thio)phosphoryl and (thio)phosphoryl species, by 
comparison of the multiplicities of their corresponding 
resonances. When combined with chemical shift data, much 
information can be gleaned for the qualitative 
interpretation of 31 P NMR spectra. 
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3.3 Quantitative 31 NMR kinetic studies 
Kinetic studies can be readily undertaken by 
using 31 P NMR spectroscopy as an analytical technique. 
This is facilitated by the 31p  nucleus tending to have 
relatively short longitudinal relaxation times, T1, which 
means that the possibility of non-linear relationships 
between the peak intensities of different signals due to 
progressive saturation can be simply overcome. Providing 
saturation is minimised, the area under the peaks in an 
NMR spectrum are proportional to the relative 
concentrations of those species present' 17 . Hence, by 
integration of the peaks, kinetic data is- attainable. 
This, along with the fact that spectra can be 
quickly obtained using a narrow sweep width whilst still 
giving good resolution and signal:noise ratio means that 
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CHAPTER 4 
THE HOMOGENEOUS HYDROLYSIS OF ZINC(II) 0,0-
DIALKYL DITHIOPHOSPHATES 
4.1 Selection and preparation of the zinc(II) 0,0. 
dialkyl dithiophosphates 
One of the primary aims of this project was to 
investigate the effect of the size and structure of the alkyl 
group upon the mechanism and rate of hydrolysis of 
ZDTPs. The investigations by Dewan 94 and Tan 95 ' 96 which 
established the mechanism for ZDTP hydrolysis 
concentrated upon the simple ethyl analogue Sa which is 
not favoured as an additive in commercial lubricant 
packages due to its low solubility and lack of performance 
as an anti-wear agent (as a consequence of its high thermal 
stability). A number of further ZDTPs were selected for 
study, these being representative of a range of alkyl 
derivatives of primary and secondary nature and varying 
chain length. Those chosen were 2-propyl ZDTP 8b, 2-
butyl ZDTP Sc and n-hexyl ZDTP Sd, along with the 
commercially used additives 4-methyl-2-pentyl ZDTP Se 
and 2-ethyihexyl ZDTP Sf. The synthesis of ZDTPs can be 
achieved by a number of methods, all of which stem from 
the formation of the corresponding 0,0-dialkyl 
dithiophosphoric acid 13. This in turn may be prepared by 
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the 	reaction 	of 	an 	alcohol 	with 	phosphorus 
pentasulphide' 18 " 19 according to equation 19. 
4ROH + P 2 S 5 - 2(RO) 2 PS 2 H + H 2 S 	19 
13 
The commercial process for the formation of 
ZDTPs involving the addition of zinc(II)oxide to the 
dithiophosphoric acid 13 was considered inappropriate for 
this study due to the tendency of this reaction to produce 
the "basic" ZDTP 9 as a by-product in up to 10% yield. As 
previously discussed (2.4) the "basic" ZDTP has been 
shown to inhibit hydrolysis. The favoured method for the 
preparation of ZDTPs was a modification of the synthesis 
reported by Wystrach et a1 120  in which the purified 
potassium salt of the dithiophosphoric acid, prepared by 
the neutralisation of the acid with potassium bicarbonate, 
was reacted with zinc(II)sulphate (equation 20). 
2(RO)2PS2 K + ZnSO4 - [(RO)2PS21 2Zn + K2SO4 	20 
The purification of the potassium salts by recrystallisation 
was straight-forward for the ethyl, 2-propyl and 2-butyl 
analogues as these compounds are highly structured solids. 
However, the n-hexyl and 4-methyl-2-pentyl derivatives, 
although solids, were somewhat waxy in nature and were 
therefore less readily crystallised, whilst the potassium 
salt of the 2-ethyihexyl analogue was isolated as an oil. At 
a later stage in the study (for reasons which will be 
discussed in due course) a "one-pot" variation on the 
synthesis of ZDTPs, as described by Harrison et a1 12 ' was 
preferred, in which potassium hydroxide was used rather 
than potassium bicarbonate to neutralise the acid. 
The diethyl ZDTP 8a and 2-propyl ZDTP Sb 
were both obtained as solids and were hence purified by 
crystallisation. The remainder were all isolated as oils and 
their purity confirmed by 'H and 31 P NMR. 
Although normally represented as the monomer 
[(RO)2PS212Zn, the structure of ZDTPs in the solid state 
is known to be otherwise. Diethyl ZDTP 8a has been 
shown to adopt a one-dimensional polymeric structure 122 
(Figure 4) with a series of bridging dithiophosphate 
ligands between the zinc atoms, which adopt a distorted 
tetrahedral coordination. The 2-propyl ZDTP Sb on the 
other hand exists as a dimeric complex 123 (Figure 5) in 
which each metal atom is associated with one chelating 
and two bridging dithiophosphate ligands. 
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Figure 4. 	X-ray crystal structure of polymeric diethyl ZDTP Sa 
Figure 5. 	X-ray crystal structure of 2-propyl ZDTP Sb dimer 
4.2 Reaction conditions and monitoring techniques 
for the homogeneous hydrolysis of ZDTPs 
The 	previous 	studies 	undertaken 	in 	this 
field 94-96 had found that 1,2-dimethoxyethane (DME) was a 
suitable solvent for the study of the homogeneous phase 
hydrolysis of ZDTPs because it is water miscible, its 
boiling point of 85°C allowed the hydrolysis reaction to 
proceed at a reasonable rate (completed within Ca. 100 
minutes for diethyl ZDTP) and because all the products 
and intermediates were soluble in it. 
Hydrolysis reactions were carried out using a 
0.350 mol dm -3  solution of the appropriate ZDTP with a 
ten-fold excess of water in AR grade DME which had been 
dried and distilled over granular calcium hydride and 
percolated through a column of activated alumina to 
remove any peroxide impurities which may have resulted 
in the formation of the "basic" ZDTP 9. The prepared 
mixture was then transferred to a series (typically twelve) 
of 5mm glass NMR tubes along with a sealed capillary 
containing deuterated (d 6 ) benzene as an internal NMR 
lock. These tubes were sealed and then heated in a 
thermostated water bath which was maintained at a steady 
85°C using a contact thermometer. The NMR tubes were 
removed from the water bath at appropriate intervals and 
placed in an ice bath to quench the reaction. The samples 
were then analysed by 31 P NMR spectroscopy within 2-3 
hours, or alternatively, stored in deep freeze for later 
analysis. 
Unless otherwise stated, all 31 P NMR spectra 
referred to were obtained in the 31 P- 1 H (proton) spin-spin 
decoupled mode, which allowed each signal in the 
spectrum to be observed as a single resonance, hence 
greatly simplifying the interpretation of the results. 
Typically, spectra were obtained with a spectral width of 
2000011z (qualitative) or 5200Hz (quantitative). 
Identification of products and intermediates present in the 
NMR spectra was based upon information obtained from 
spin-spin coupled spectra, previous work and the method 
of "peak enhancement" which involves the addition of an 
authentic sample of the suspected compound to the 
reaction mixture in an NMR tube. 
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4.3 The homogeneous hydrolysis of zinc(II) 0,0-
dialkyl dithiophosphates 8a-f 
Hydrolysis reactions were carried out upon the 
following ZDTP derivatives: 2-propyl Sb, 2-butyl Sc, 
n-hexyl Sd, 4-m ethyl- 2-pentyl Se and 2-ethyihexyl SI. The 
hydrolysis of the previously studied 95 ' 96 diethyl ZDTP Sa 
was also repeated in order to establish that the results 
were comparative and reproducible. In each case, 
monitoring of the reaction by 31p  NMR spectroscopy at 
periodic intervals gave rise to a series of spectra 
(Figures 6-11), the interpretation of which are each 
considered below. 
The hydrolysis of diethyl ZDTP 8a 
The hydrolysis of diethyl ZDTP 8a was carried 
out according to the previously discussed method. After 
Ca. 15 minutes it was observed that the formation of a 
transient precipitate occurred which became heavier as the 
reaction proceeded. This approximately coincided with the 
appearance in the 31p  NMR spectra (Figure 6) of a signal 
attributable to 0,0-diethyl dithiophosphoric acid 13a 
(S p = +88.4), which further decomposed to signals due to 
thiophosphoric acid 20 (8p = +58.3), phosphoric acid 21 
= 0), 0-ethyl thiophosphoric acid 22a (6p = +61.0), 
0,0-diethyl thiophosphoric acid 23a (&, = +64.1) and 
0-ethyl phosphoric acid 24a (8 p = -1.2), in that order, 
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hence confirming the existence of the mechanism 
established by Tan (2.4, Scheme 10). Complete hydrolysis 
of the ZDTP was found to occur after 100 minutes with 
thiophosphoric acid being the major product. 
Hydrolysis of 2-propyl ZDTP 8b and 2-butyl ZDTP Sc 
The 31 1? NMR spectra for the hydrolysis of 
2-propyl ZDTP Sb (Figure 7) and 2-butyl ZDTP Sc (Figure 
8) show that both these compounds undergo hydrolysis via 
the same mechanism as the ethyl analogue 8a, with the 
initial formation of the dialkyl dithiophosphate 13 
followed by the appearance of thiophosphoric acid 20, 
phosphoric acid 21 and O-alkyl phosphoric acid 22. In 
case of 2-propyl ZDTP Sb, peaks due to the minor 
transesterification products 23 and 24 are not apparent in 
the spectra, and this is probably due to a combination of 
low concentrations and poor resolution of the spectra. As 
in the case of diethyl ZDTP 8a, complete hydrolysis was 
observed after approximately 100 minutes. 
The hydrolysis of n-hexyl ZDTP Sd, 4-methyl-2-pentyl 
ZDTP Se and 2-ethyihexyl ZDTP Sf 
The 31 1? NMR spectra of the hydrolysis of the 
long chain ZDTP derivatives n-hexyl Sd (Figure 9), 4-
methyl-2-pentyl 8e (Figure 10) and 2-ethylhexyl 8f (Figure 
11) show that in each case, the mechanism of hydrolysis 
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Figure 6. 31 P NMR spectra for the hydrolysis of diethyl ZDTP 8a 
at 85°C in DME with 10 equivalents of water 
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Figure 7. 31 1? NMR spectra for the hydrolysis of 2-propyl ZDTP 8b 
at 85°C in DME with 10 equivalents of water 
t=O 
t= 
20 	 21 
t=75min 




+100 	 +O 	 0 - 8 P ppm 
Figure 8. 31p NMR spectra for the hydrolysis of 2-butyl ZDTP 8c 
at 85°C in DME with 10 equivalents of water 
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Figure 9. 31p NMR spectra for the hydrolysis of n-hexyl ZDTP 8d 
at 85°C in DME with 10 equivalents of water 
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Figure 10. 31 P NMR spectra for the hydrolysis of 4-methyl-2-pentyl 
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Figure 11. 31 P NMR spectra for the hydrolysis of 2-ethyihexyl ZDTP 
81 at 85°C in DME with 10 equivalents of water 
via the intermediary dialkyl dithiophosphoric acid 13 and 
thiophosphoric acid 20, to give phosphoric acid 21, 
0-alkyl thiophosphoric acid 22 and 0,0-dialkyl 
thiophosphoric acid 23. In the case of the 2-ethyihexyl 
ZDTP 8f, a small peak due to the 0-alkyl phosphoric acid 
24f was also observed. 
One 	significant 	difference 	between 	the 
hydrolysis of these long chain ZDTPs and the previously 
discussed ethyl Sa, 2-propyl 81b and 2-butyl Sc analogues 
was observed. For the ZDTP complexes n-hexyl Sd, 4-
methyl-2-pentyl Se and 2-ethylhexyl Sf, an induction 
period of considerable length was found to occur before 
hydrolysis commenced. The length of this induction period 
was found to not only vary between the three ZDTP 
derivatives but also between different batches of the same 
complex prepared at separate times. A similar phenomenon 
had been observed by Tan" during investigations into the 
hydrolysis of the ethyl analogue 8a, but only when 
hydrolysing samples which had not been freshly prepared, 
and consequently had partially decomposed, forming a 
coating of zinc(II)oxide. In the present studies, the 
induction periods occurred regardless of sample freshness 
and are ascribed once again to the presence of 
zinc(II)oxide. The involvement of a basic mechanism of 
inhibition as the cause of the induction periods was 
confirmed by hydrolytic studies carried out on the 4-
methyl-2-pentyl complex Se under acidic conditions. 
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Previous work 95 ' 96 had shown that during hydrolysis the 
acidity of the solution increased from pH 3.6 to pH 1.0, 
with a concomitant acceleration in the rate due to acid 
catalysis. In the present investigation it was found that for 
the hydrolysis of Se in the presence of hydrochloric acid 
(pH 1.0), the induction period could be slightly reduced, 
and if sufficient acid was present (pH<0), eradicated 
completely (Figure 12), presumably owing to the 
neutralisation of zinc(II)oxide to zinc chloride by the 
acid. It was also noticed that addition of the acid changed 
the rate profile and increased the rate of hydrolysis, thus 
emphasising the acid catalysed nature of the reaction. 
The origin of the zinc(II)oxide impurity may be 
as a result of the contamination of the ZDTP by trace 
amounts of its basic form (possibly formed as a by-product 
during synthesis of the ZDTP, or by the presence of small 
quantities of peroxides in the solvent) decomposing via the 
facile equilibrium (equation 21) to give the ZDTP plus 
zinc(II)oxide. 
[(RO)2PS216Zn4O 	3[(RO)2PS2]2Zn + ZnO 	21 
However it is felt that this explanation is not entirely 
satisfactory because the basic ZDTP, if present, would be 
expected to be identified by careful examination of the 
sample by 31p  NMR spectroscopy. An alternative source of 
zinc(II)oxide may result from the reaction of zinc sulphate 
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Figure 12. Effect of acidic conditions upon the hydrolytic decay of 
4-methyl-2-pentyl ZDTP Sc 
with potassium hydrogen carbonate (equation 22), traces 
of which may be present in the potassium salt of the 
dithiophosphoric acid as a consequence of difficulties 
presented in purification of the latter by recrystallisation. 
ZnSO4 + 2KHCO3 -* ZnO + K2SO4 + CO2 + H20 	22 
This proposal was reinforced at a later stage in 
the project, when it was observed that samples of 
4-methyl-2-pentyl ZDTP 8e, synthesised by an alternative 
method 12 ' which involved the use of potassium hydroxide 
rather than potassium hydrogen carbonate to form the 
potassium dithiophosphate salt, showed no evidence of an 
induction period upon hydrolysis. 
It has been observed for all the ZDTPs included 
in this study that in the initial stages of hydrolysis, the 
reduction of the ZDTP peak in the 31 P NMR spectra 
coincides with the appearance of a transient colourless 
precipitate in the sample tubes. There is however a short 
delay between this occurrence and the detection of the 
presence of any primary hydrolysis products (ie the 
dialkyl dithiophosphoric acid 13). A similar observation 
was previously described by Tan 95 . It is thought that this 
anomaly is caused by the formation of the intermediary 
hydrated complex of the ZDTP, 17, which is insoluble and 
is hence not observed in the 31  NMR spectra. 
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In respect of all the foregoing, it can be 
concluded that all the ZDTPs studied undergo hydrolysis 
by a common mechanistic pathway which can be 
summarised by Scheme 12. 
Comparison of the 31 	NMR spectra for the 
hydrolysis of ZDTPs 8a-f showed that the concentrations 
of the final products formed varied, even though the same 
reaction mechanism was operating. Indeed, in some cases 
it is not clear whether all the products were actually 
present. In order to obtain more detailed information on 
the formation of products, and on the effect of alkyl 
substituent upon the final product distribution, the 31 P 
NMR spectra of the hydrolysis products of ZDTPs 8a-f 
(Figuresl3-18) were recorded after complete hydrolysis 
over a greater number of scans and using a 15 second pulse 
delay in order that all peak intensities would be 
comparative (ie. fully relaxed). These spectra show quite 
clearly that in every case ZDTP hydrolysis results in the 
formation of all the products previously discussed. It is 
also apparent from the measured ratio of products (Table 
1), that the extent of primary transesterification of 
thiophosphoric acid 20 to give the O-alkyl thiophosphoric 
acid 22 (and subsequently its hydrolysis product O-alkyl 
phosphoric acid 24) exceeds secondary transesterification 
of 22 to the 0,0-dialkyl thiophosphoric acid 23 in all 
cases, but in particular for the ethyl and 2-propyl 
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Figure .13. 	Quantitative np  NMR spectrum of the hydrolysis 
products of the reaction of diethyl ZDTP 8a at 85°C in 
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Figure 14. 	Quantitative 31 P NMR spectrum of the hydrolysis 
products of the reaction of 2-propyl ZDTP 8b at 85°C in 
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Figure 15. 	Quantitative 'P NMR spectrum of the hydrolysis 
products of the reaction of 2-butyl ZDTP 8c at 85°C in 
DME with 10 equivalents of water (t=240min) 
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Figure 16. 	Quantitative 3 I P NMR spectrum of the hydrolysis 
products of the reaction of n-hexyl ZDTP 8d at 85°C in 
DMP with 10 eauivalents of water (t=360min) 
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Figure 17. 	Quantitative 31p NMR spectrum of the hydrolysis 
products of the reaction of 4-methy-2-pentyl ZDTP 8e at 
85°C in DME with 10 equivalents of water (t420min) 
hO) 3 
21 
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Figure 18. 	Quantitative 31P NMR spectrum of the hydrolysis 
products of the reaction of 2-ethyihexyl ZDTP 8f at 85°C 
in DME with 10 equivalents of water (t=480min) 
Table 1. 	Ratio of primary transesterification products 
(22+24) to secondary (23) formed in ZDTP 
hydrolysis reactionsa 
ZDTP 	 (22+24) 	(23) 
ethyl 8a 10.7 1.0 
2-propyl 8b 8.8 1.0 
2-butyl 8c 2.7 1.0 
n-hexyl Sd 3.9 1.0 
4-methyl-2-pentyl Se 3.8 1.0 
2-ethyihexyl Sf 3.2 1.0 
a 	Measured from the peak intensities of the 'H-decoupled 31 NMR spectra 
in Figures 13-18 
derivatives 8a and Sb. A valid explanation for this lack of 
secondary transesterification in the cases of Sa and 8b is 
the relative ease of hydrolysis of the corresponding 0,0-
dialkyl dithiophosphoric acids 13a and 13b relative to the 
longer chain derivatives, as previously reported by Cote 
and Bauer 124 . As a result, less of the dialkyl 
dithiophosphate is then available to participate in 
transesterifcation reactions. 
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4.4 Kinetic studies of the homogeneous hydrolysis of 
0,0-dialkyl dithiophosphates 8a-f 
The aim of undertaking a study of the kinetics 
and mechanism of the hydrolysis of ZDTPs was to 
establish what effect, if any, the size and structure of the 
alkyl group had upon the rate of reaction. Previous studies 
by Tan 95 • 96 had shown by use of quantitative 31 P NMR 
spectroscopy that the hydrolysis of diethyl ZDTP Sa 
proceeded via an SN2  type mechanism according to the rate 
expression 23. 
-dIZDTP1 	a 	[ZDTP][H 2 0] 	 23 
dt 
With water present in a large excess, this rate expression 
is simplified to: 
-d[ZDTP1 	a 	[ZDTP] 	 24 
dt 
or 
-dFZDTP1 	= 	k[ZDTP] 	 25 
dt 
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This gives rise to the psuedo-first-order rate equation 26. 
k = ln[a0/(a0-x)].1/t 	 26 
Where a 0 is the initial concentration of the ZDTP and a 0 -x 
is the amount of ZDTP remaining after time, t. By 
applying the data obtained from the 31 P NMR spectra for 
the hydrolysis of diethyl ZDTP 8a, it was found that 
psuedo-first-order kinetics applied (Figure 19), with the 
plot being linear for approximately two half-lifes of the 
disappearance of the ZDTP, and thereafter showing an 
exponential increase due to acceleration of the rate by 
acid catalysis. The observed rate constant for the linear 
section of the graph was determined as k b , = 2.35x10 4 s 1 . 
In the context of the present studies, data 
obtained from the 31p  NMR spectra of the hydrolysis of 
ZDTPs 8b-f was applied to the rate equation 26 for 
comparison with that available for the diethyl ZDTP 8a. In 
order that a valid comparison could be obtained, identical 
procedures were followed, with a 0.350 mol dm -3  solution 
of the appropriate ZDTP in DME containing a ten-fold 
excess of water and 0.175 mol dm -3  of triphenyl phosphate 
as an internal standard. This solution was transferred to a 
series of NMR tubes which were sealed and heated at 
85±0.5°C for an appropriate time. Upon quenching the 
reaction in an ice bath, the 31 P NMR spectrum was 
obtained. In accumulating the kinetic data, the 'H- 
85 
decoupled NMR spectra were obtained under conditions in 
which the longitudinal relaxation times of the ZDTPs were 
taken into account so that their signal intensities were 
proportional to their concentration. Previous studies 95 ' 96 
had shown a 5 second pulse delay to be adequate, with a 
spectral width of 5200Hz. Accumulation over 100 scans 
was found to give signal:noise ratios of 10:1 or better. 
The values for the quantity of ZDTP consumed (a 0 -x) were 
obtained by comparing the ratio of ZDTP : triphenyl 
phosphate present in each sample to that at t=0 (a 0 ). 
The plots of the kinetic data obtained for 
ZDTPs 8b.f (Figures 20-24) show that in all cases, if the 
induction period (when present) is disregarded as being 
due to an external cause , the hydrolyses follow an initial 
period where psuedo-first-order kinetics apply, giving a 
linear plot, followed by an exponential increase in the rate 
due to acid catalysis. The calculated relative rate 
constants kOb8 are presented in Table 2 and show that the 
rates of hydrolysis show a negligible dependence upon 
either the size or the structure (ie. linear or branched) of 
the alkyl substituent. However, it is evident from these 
graphs that although this method of kinetic analysis of the 
hydrolysis reaction is useful in respect of gaining an 
understanding of the relative rates and the nature of the 
hydrolytic process, the kinetics are not particularly well 
described by such a simple model. The absolute rate of 
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Figure 19. 	Plot of the psuedo-first-order decay of diethyl 
ZDTP 8a at 85°C in DME with 10 equivalents of 
water (from ref.96) 






Figure 20. 	Plot of the psuedo-first-order decay of 2-propyl 
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Figure 21. 	Plot of the psuedo-first-order decay of 2-butyl 
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Figure 22. 	Plot of the p.suedo-first-order decay of n-hexyl 
ZDTP 8d in DME at 85°C in DME with 10 
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Figure 23. 	Plot of the psuedo-first-order decay of 4-methyl-2- 
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Figure 24. 	Plot of the psuedo-first-order decay of 2-ethyihexyl 
ZDTP 8f at 85°C in DME with 10 equivalents of 
water 
Table 2. 	Rate constants (k obS ) for the hydrolysis of 
zinc(II) 0,0-dialkyl dithiophosphates 8a.f under 
pseudo-first-order conditions (10 equivalents of 
water at 85°C in DME) 
ZDTP 	 k ObS /10 4 5la 
ethyl Sa 	 2.35b 
2-propyl Sb 	 2.57 
2-butyl Sc 	 2.96 
n-hexyl Sd 	 2.64 
4-methyl-2-pentyl Se 	2.74 
2-ethyihexyl Sf 	 2.55 
a 	All observed rate constants were reproducible to within 10% 
b 	From reference 96 
the reaction approaches completion, even for systems free 
from an induction period, with a monotonic increase in the 
effective first-order rate constant due to acid autocatalysis 
of the rate determining hydrolysis step by the acidic 
products of the reaction. The data has therefore been 
analysed by a more sophisticated method with the 
assistance of Dr Kenneth McKendrick of the University of 
Edinburgh. A two-parameter kinetic model, which takes 
explicit account of the role of autocatalysis in the reaction 
was used, with the assumption that the rate determining 
step of the reaction was the hydrolysis of ZDTP, initially 
present at a concentration, a 0 . As this process is 
autocatalysed by H+ produced in the reaction and the 
water is considered to be in sufficient excess to remain at 
a constant concentration throughout the course of the 
reaction, the psuedo-first-order rate constant is assumed to 
obey the relationship 
k e ff = k 0 + k 1 x 	 27 
where x is the concentration of ZDTP which has reacted 
and k 0 , k 1 are respectively the rate constants for the 
uncatalysed and catalysed components of the hydrolysis. 
The differential equation for x is therefore 
dx/dt = k 0 (a 0 -x) + k 1 x(a 0 -x) 	 28 
which may be integrated 125 to yield the solution 
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x/a 0 = { exp(t)-1 }/fexp(t)-a) 	29 
These parameters a and 0, which are derived from a non-
linear least fit 126 to the observed variation of the ZDTP 
concentration with time, are inverted to the kinetic 
parameters through the relationships 
k 0 = 0/(1 + a) 
and 
k, = a/(a 0 (1 + a)) 
The uncatalysed rate constant, k 0 , is a relatively poorly 
determined quantity, particularly for those reaction which 
exhibit an induction period. There is naturally a severe 
correlation between the assumed induction period and the 
resultant fitted value of k 0 ; In any case k 0 does not really 
refer to an uncatalysed reaction, but more correctly to the 
combination of any truly uncatalysed hydrolysis and the 
acid catalysed rate at the initial pH of the system. In 
contrast the catalytic coefficient, k 1 , is much less 
sensitive to the effect of any induction period, and is the 
quantity which can most sensibly be compared between 
different ZDTPs for a fixed (excess) concentration of 
water. Consideration of the absolute values of k 0 and k 1 
95 
reveals that typically the autocatalysed contribution to the 
rate exceeds the uncatalysed component after only Ca. 30% 
of the initial concentration of ZDTP has reacted, and in 
some cases, this fraction is considerably smaller. Results 
for ZDTPs 8a-c which are relatively unaffected by an 
induction period are collected in Table 3. A plot of the 
data for diethyl ZDTP 8a upon which the best-fit curve 
derived from the kinetic model has been superimposed is 
shown in Figure 25. The rates for ZDTPs 8a-c lie within a 
factor of Ca. 3, confirming the previous conclusion that 
the identity of the alkyl substituent does not critically 
affect the rate determining step of the hydrolysis. 
This constancy in the observed rate constants, 
irrespective of the alkyl group of the ZDTP provides 
further evidence for hydrolytic attack occurring at the zinc 
atom rather than at any other site in the molecule. Most 
surprisingly, the data reveals that for a given ZDTP, its 
structure represents no steric or hydrophobic hindrance to 
attack by water, presumably owing to the remoteness of 
the alkyl groups from the tetrahedral zinc atom. It has 
been established 12 ' that in solution ZDTPs exist as a 
chelated monomeric species in equilibrium with a dimeric 
form which possesses a bridging structure, as shown in 
Figure 26. In essence, association to the dimeric form is 
favoured by high ZDTP concentrations and polar solvents. 
For straight-chain alkyl ZDTPs, the dimer becomes more 
predominant as the alkyl group increases in size from 
Table 3. 	Best-fit kinetic parameters for the hydrolysis of 
ZDTPs 8a-c at 85°C in DME with 10 equivalents 
of water 
ZDTP 	 kj10 5s' 	 k1/10 3(moldm 3)'sT' 
ethyl 8a 11.9 1.3 
2-propyl Sb 9.4 2.0 
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Figure 25. Observed variation in diethyl ZDTP 8a concentration and 
best-fit curve derived from the two-parameter kinetic 
model described in the text 
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Figure 26. Monomer/dimer equilibrium for ZDTPs in solution 
ethyl to hexyl. Thereafter, the monomer is favoured due to 
increasing steric requirements of the alkyl group. In the 
case of branched alkyl ZDTPs the tendency to associate 
into the dimer decreases as the size of the alkyl group 
increase for the same reason. 
From the viewpoint of this investigation, where 
reaction conditions involve relatively high concentrations 
of ZDTP and a quite polar solvent (DME, relative 
permittivity c 0 =7.20) is used, it is evident that the dimeric 
species will predominate, even for the larger branched 
alkyl ZDTPs such as 4-methyl-2-pentyl Se and 2-
ethyihexyl 8f, and especially for the smaller ethyl 8a and 
2-propyl Sb analogues, although a slight shift towards the 
monomer might be expected as the ZDTP concentration 
decreases upon hydrolysis. Since only a single peak is 
observed in the 31p  NMR spectra for solutions of all the 
ZDTPs (regardless of solvent) the monomer/dimer 
equilibrium is obviously rapid on the NMR timescale, and 
in view of the small variations in kOb5,  it exerts little, if 
any influence on the rate of hydrolysis. 
Whether 	attack 	by 	water 	will 	occur 
preferentially on the monomer or dimer is unclear, but 
given the negligible change in the geometry at either the 
zinc atom or the chelating and bridging dithiophosphate 
ligands on going from one form to the other, it seems 
likely that little selectivity will occur and each form will 
be equally succeptible to hydrolysis. Irrespective of which 
100 
species may be attacked, the lack of influence by the alkyl 
groups upon the rate of hydrolysis points to them being 
remote from the zinc centre rather than forming a 
hydrocarbon layer around it. Such an inability to form a 
'protective shield' against attack by water can probably be 
ascribed to hydrophobic interactions (often called 
hydrophobic bonding) 127 whereby the hydrocarbon chains 
of the complexes, when in an aqueous (polar) environment, 
tend to cluster together and leave the zinc centre exposed 
to attack by water. 
It is interesting to note that these observations 
are in sharp contrast to the aforementioned findings of 
Cote and Bauer 124 who reported that the hydrolytic 
stability of 0,0-dialkyl dithiophosphoric acids 13 (the 
primary hydrolysis products of ZDTPs) increases markedly 
with an increase in the size of the alkyl substituent. An 
explanation for this divergence in behaviour may lie in the 
closer proximity of the alkyl groups to the centre of 
hydrolytic attack, ie the phosphorus atom, thereby leading 
to greater hindrance to the approach of water. Secondly, in 
the case of the dithiophosphoric acid, hydrolysis involves 
the cleavage of the RO-P bond which is more likely to be 
influenced by changes in the attached alkyl group. The 
implication of these observations in terms of the 
hydrolysis of ZDTPs would appear to be that although the 
rate of initial hydrolysis to the corresponding dialkyl 
dithiophosphoric acid is independent of the nature of the 
101 
alkyl group, the latter does exert an influence to a varying 
degree 	on subsequent 	steps 	to secondary hydrolysis 
products, as was suggested in Section 4.3. 
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CHAPTER 5 
THE HOMOGENEOUS HYDROLYSIS OF CADMIUM(II) 
AND NICKEL(II) O,O-DIETHYL DITHIOPHOSPHATES 
5.1 Introduction 
Following the elucidation of the mechanism of 
hydrolysis of the zinc dialkyl dithiophosphates 8, it was a 
logical progression of this project to consider the effect of 
changes to the metal atom upon the hydrolytic 
decomposition of these complexes. Consequently, 
investigations into the hydrolysis of cadmium(II) 
0,0-dialkyl dithiophosphate (CdDTP) 29 and nickel (II) 
0,0-dialkyl dithiophosphate (NiDTP) 30 were undertaken. 
Both the cadmium and nickel complexes are known to 
exhibit similar anti-oxidant and anti-wear properties to the 
zinc analogue, but are generally less favoured for use in 
commercial lubricant packages due to their higher cost and 
toxicity. However a number of NiDTPs have found use as 
anti-oxidant additives in hydrocarbon polymers 128-130. 
For the purpose of this study, the ethyl 
derivatives were chosen for continuity and ready 
comparison with the results previously obtained from the 
study of diethyl ZDTP 8a, as well as for their ease of 
preparation and purification. Synthesis of both diethyl 
CdDTP 29 and diethyl NiDTP 30 was carried out by the 
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same method as was used for preparation of the ZDTPs, by 
the reaction of the metal sulphate with potassium 0,0-
diethyl dithiophosphate. Purity was achieved by 
recrystallisation of the complex. Hydrolysis reactions were 
carried out as before, with a 0.350 mol dm -3 solution of 
freshly prepared metal dithiophosphate (0.300 mol dm -3 in 
the case of diethyl CdDTP 29 due to its low solubility) in 
DME with 10 equivalents of water heated at 85±0.5°C. The 
31p NMR 'H-decoupled spectra were monitored for the 
disappearance of the MDTP until completion of hydrolysis. 
Due to the insolubility of diethyl CdDTP 29 in DME at 
room temperature, it was necessary to transfer the sample 
tubes directly from the water bath to the probe of the NMR 
spectrometer which was operated at an elevated 
temperature of 50°C. Identification of the intermediates 
and products of the reaction were made on the basis of 
peak enhancement techniques and consideration of peak 
multiplicities obtained from 31p  NMR 'H-coupled spectra 
as before. 
5.2 The homogeneous hydrolysis of cadmium(II) 
0,0-diethyl dithiophosphate 29 
The 3 P NMR spectra for the hydrolysis of 
cadmium(II) 0,0-diethyl dithiophosphate 29 (Figure 27) 
show that the process occurs via the same mechanism as 
observed for the hydrolysis of the analogous ZDTP 
complexes 8, specifically, via the formation of 0,0-
diethyl dithiophosphoric acid 13a (8 p = + 98.3ppm) which 
reacts further to give thiophosphoric acid 20 (ö = 
+58.6ppm), phosphoric acid 21 (8 p = + 1.2ppm), 0-ethyl 
thiophosphoric acid 22a (8 p = +61.6ppm), 0,0-diethyl 
thiophosphoric acid 23a (8 p = +63.5ppm) and 0-ethyl 
phosphoric acid 24a (8 p = +0.2ppm) as summarised in 
Scheme 13. The hydrolysis reaction was much slower than 
in the case of diethyl ZDTP 8a, taking 315 minutes for 
complete hydrolysis compared to only Ca. 90 minutes for 
the zinc complex under identical conditions. Interpretation 
of the spectra verified that the difference arose due to the 
intervention of an induction period (ca. 210 minutes) 
before hydrolysis of the CdDTP commenced. This pattern 
of behaviour is akin to that previously observed for the 
long chain ZDTPs 8d-f and can probably be attributed to 
contamination of the sample by trace amounts of the 
corresponding "basic" species. It seems likely that an 
equilibrium will exist between the "basic" and "normal" 
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Figure 27. 	31P NMR spectra for the hydrolysis of diethyl CdDTP 29 
at X5°C in DME with 10 eauivalents of water 
EtO /S\% 	 OEt 
/P/, \ 
Et 	S 29 	OEt 
2 H2 
S 	 [ 	
H 
	




/P/ 	r 0Et ] 












S 	13a 18a 	S 	13a 18a 	S 
HOIrOH 	
lm HQ--OEt "-4 H0--OEt 
OH 	 OH 	 OEt 
20 22a 23a 
H2O 
11 	 11 
H0Ij)OH 	 HO—I-0Et 
OH 	 OH 
21 24a 
Scheme 13 
[(EtO)2PS2]6Cd4O -* 3[(EtO) 2 PS 2 ] 2 Cd + CdO 32 
29 
Under such circumstances the "basic" CdDTP would 
decompose, with the formation of cadmium oxide which 
would inhibit the hydrolysis by the mechanism analogous 
to that shown in Scheme 11. 
A study of the kinetics of the hydrolysis of 
diethyl CdDTP 29, using conditions identical to those 
described in Section 4.4 for the ZDTPs was made. Analysis 
of the results was carried out using both the simple 
psuedo-first-order kinetic model and the more 
sophisticated two-parameter method described previously. 
Use of the former showed that if the induction period was 
disregarded, then the hydrolysis reaction followed pseudo-
first-order kinetics for at least two half-lifes of the 
disappearance of the substrate followed by an exponential 
increase in the rate of due to acid catalysis (Figure 28). 
The calculated psuedo-first-order rate constant for the 
linear region of the graph was determined as k 0 b S = 
2.28x10 4 s 1 . This is very close in value to the figure of 
2.35x10 4 s' obtained for the diethyl ZDTP 8a. Use of the 
two-parameter kinetic model on the data for diethyl 
CdDTP 29 gave rise to the best-fit curves shown in Figure 
29. It is apparent that the quality of the fit is dependent 
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Figure 29. Observed variation in diethyl CdDTP 29 concentration and 
best-fit curves derived from the two-parameter kinetic 
model described in Section 4.4 assumed induction 
periods of 10800s (solid line), 12000s (dashed line), 
12500s (dotted line) 
Correspondingly, the values obtained for both the 
uncatalysed and catalysed components of the rate constant, 
k 0 and k 1 , also vary according to the length of the 
induction period (Table 4). However this does not effect 
the fact that the rate constants obtained for the 
autocatalysed hydrolysis of diethyl CdDTP 29 are 
comparable to those for diethyl ZDTP Sa (within a factor 
of Ca. 1.5). 
This apparent lack of influence by the metal 
atom (Cd vs. Zn) upon the rate of hydrolysis can be 
rationalised on the basis of the earlier findings that attack 
by water followed by the cleavage of the M-S bond is the 
primary step in the hydrolytic process. Given that the 
typical single bond energies 13 ' for Cd-S (208.5 kJmol') 
and Zn-S (205 kJmol') are very similar, it is not at all 
surprising that the hydrolysis of the corresponding 
dithiophosphate complexes proceed at comparable rates. 
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Table 4. 	Best-fit kinetic parameters for the hydrolysis of 
diethyl CdDTP 29 at 85°C in DME with 10 
equivalents of water 
tJ1O3sa 
	
kj10 5s' 	 k/10-3(moldm 3)'s' 
10.8 2.4 2.3 
12.0 5.4 2.0 
12.5 8.6 1.8 
a 	Assumed induction period 
5.3 The homogeneous hydrolysis of nickel(II) 
0,0-diethyl dithiophosphate 30 
The 	P NMR spectra for the hydrolysis of nickel(II) 
0,0-diethyl dithiophosphate 30 are shown in Figure 30 and 
clearly indicate that there are a number of significant 
differences between this process and the hydrolysis of the 
zinc and cadmium dithiophosphates previously studied, 
principally the time taken for complete hydrolysis of the 
NiDTP to occur and in the nature of some of the 
subsequent hydrolysis products formed. 
The most apparent of these differences is the 
time taken for the complete hydrolytic consumption of the 
diethyl NiDTP 30. The broad nature of the NiDTP 
resonance in the 31 NMR spectra, coupled with the 
complex series of intermediates that are formed, precluded 
an accurate and satisfactory kinetic analysis of the 
reaction . However, it is quite clear that whereas diethyl 
ZDTP 8a underwent complete hydrolytic decomposition in 
only Ca. 90 minutes, the nickel complex 30 requires 
something in the order of six days - an approximately one 
hundred-fold decrease in reactivity. This striking 
divergence cannot be ascribed to any significant induction 
period as in the case of some of the previously studied 
complexes, as it is obvious that hydrolysis is well 
underway after 24 hours, but may be explained by 
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Figure 30. 	31P NMR spectra for the hydrolysis of diethyl N1DTP 30 
t RS°C in DME with 10 equivalents of water 
lengths for the nickel and zinc complexes. Typical single 
bond energies for Ni-S and Zn-S are reported 13 ' as being 
344 and 205 kJmol' respectively. Correspondingly, the 
reported Ni-S bond length of 2.21A 132 is considerably 
shorter than the value of 2.35A for the diethyl ZDTP 
complex 8a 123 . It has previously been argued that 
hydrolytic attack occurs at the metal atom with cleavage 
of the M-S bond and the formation of the corresponding 
dithiophosphoric acid 13. It is therefore clear that the 
increased energy required to break the much stronger Ni-S 
bond inhibits the rate at which the hydrolysis of the nickel 
complex 30 proceeds vis-a-vis its zinc counterpart. 
It is also evident from the 31 P NMR spectra that 
there are some significant differences between the nature 
of the intermediate species formed by the hydrolytic 
breakdown of the nickel and zinc complexes. For diethyl 
ZDTP Sa, the formation of the 0,0-diethyl 
dithiophosphate 13a as the key intermediate was followed 
by further hydrolysis to give thiophosphoric acid 20 and 
phosphoric acid 21, as well as transesterification reactions 
giving 0-ethyl thiophosphoric acid 22a, 0,0-diethyl 
thiophosphoric acid 23a and 0-ethyl phosphoric acid 24a. 
In the case of diethyl NiDTP 30 a combination of peak 
enhancement and spin multiplicity techniques have shown 
that the hydrolysis products with 31 P NMR resonances at 
+64.5ppm, +62.Oppm, +59.7ppm, +1.2ppm and +0.2ppm 
concur with species 23a, 22a, 20, 21 and 24a respectively. 
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It is therefore apparent that the products of the hydrolysis 
of diethyl NiDTP 30 are identical to those produced by its 
zinc analogue, and that a common mechanistic pathway 
exists for both complexes. What is clearly different from 
the observations made for diethyl ZDTP 8a is the nature of 
the diethyl NiDTP's 31 P NMR resonance (being a broad 
signal rather than a sharp peak) and the subsequent 
appearance of the first formed intermediates in the 
hydrolysis process. Initially, at t=O, the 31p  NMR spectrum 
for the diethyl NiDTP 30 in aqueous DME exhibits a broad 
resonance centred at 8p = +55.7ppm. This does not 
compare with typically observed sharp resonances at Ca. 
+lOOppm for ZDTPs, nor does it compare with the value of 
+94ppm reported for dibutyl NiDTP in cyclohexane' 28 . To 
clarify this anomaly, the 31 P NMR spectrum of diethyl 
NiDTP 30 was recorded in a number of anhydrous solvents 
of differing polarity (Figures 31-35). The data obtained 
from these spectra is presented in Table 5 and clearly 
shows that in electron donating solvents such as DME and 
CH 3 CN a broad resonance at low chemical shift is 
observed for.. the diethyl NiDTP 30 whereas in less polar 
solvents such as chloroform, benzene and hexane, a sharp 
resonance occurs at around +90ppm. Unfortunately, the 
nickel complex 30 is insufficiently soluble in water for its 
31 NMR spectrum to be obtained in a purely aqueous 
system, but it was found that addition of water to 
anhydrous solutions of the NiDTP in other solvents led to 
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100 	 0 	 4- 8P PPM 
Figure 31. 	31 P NMR spectrum for diethyl NiDTP 30 in DME 
I - 	 I 
100 0 	 f- 8P ppm 
Figure 32. 	31P NMR spectrum for diethyl NiDTP 
30 in CH 3 CN 
100 	 0 f- 8P ppm 
Figure 33. 	31p NMR spectrum for diethyl NiDTP 30 
in CDC13 
100 	 0 
4- 8P ppm 
Figure 34. 	31 P NMR spectrum for diethyl NiDTP 30 
in benzene 
100 	 0 	 f- 8P fl1 
Figure 35. 	31p NMR spectrum of diethyl NiDTP 30 in hexane 
Table 5. 	31p NMR chemical shift values for diethyl 
NiDTP 30 in various solvents 
31P NMR Chemical Shift' 
Solventa Dielectric Constant (ppm) 
CH3CN 38.8 +38.6 (broad) 
DME 7.20 +53.4 (broad) 
CDC13 4•7 +92.9 (sharp) 
Benzene 2.3 +91.0 (sharp) 
Hexane 1.9 +88.7 (sharp)c 
a 	Anyhdrous unless otherwise stated 
b 	In the absence of a deuterated solvent, an internal capillary lock was used. 
c 	cf &, +94ppm for sec-butyl analogue' 
a slight broadening and reduction in chemical shift of the 
diethyl NiDTP resonance. 
Peak broadening in such circumstances is 
indicative of the formation of a paramagnetic species. 
Previous studies have shown diethyl NiDTP 30 to exist as 
a 4-coordinate diamagnetic (low •spin) square planar 
complex with a purple colour typical of its, oxidation 
state 133 . Other studies have shown NiDTPs to form 
6-coordinate paramagnetic (high-spin) complexes with 
mono- and bi-dentate bases such as amines, eg. 
[(RO)2PS2]2Ni.Bipy'34"35, as well as 5-coordinate 
paramagnetic complexes with ligands 2,9-dimethy'1-1,10-
phenanthroline 136 and triphenyl phosphine 137 , which are 
all reported to be characteristically intensely green in 
colour. 
In the present studies, the observed broadening 
of the NiDTP resonance is ascribed to a degree of 
complexation by electron donating solvents such as DME 
and CH 3 CN (as well as water, when present) to give a 5- 
or 6-coordinate complex which is paramagnetic in nature. 
It was observed that irrespective of the nature of the 
solvent used, the solution remained a strong purple colour, 
as was verified by the , lack of any appreciable change in 
the uv spectrum of the diethyl NiDTP 30 when recorded in 
both chloroform and DME (Table 6), indicating the 
predominance of a diamagnetic nickel species. On the 
basis of these results it is evident that the diethyl NiDTP 
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Table 6. UV/visible spectral data for diethyl NiDTP 30 in 
chloroform and DME 
Chloroform 
	 FPji 
band max (cm-1 ) 
	
band max (cm-1 ) 
43103 	 41152 
31205 	 31205 
26178 	 26178 
19608 	 19804 
14925 	 14881 
species does not exist as an entirely paramagnetic complex 
in electron donating solvents but that an element of 
paramagnetism is induced through the solvent, probably by 
way of an equilibrium between the 4-coordinate complex 
and a 5- and/or 6-coordinate species as proposed in 
Figure 36. This explanation is also compatible with the 
observed 31 P NMR spectra, since only very low 
concentrations of the paramagnetic species need be present 
to cause peak broadening. Indeed, the 31 P NMR resonance 
of the paramagnetic NiDTP/ pyridine adduct, 
[(RO)2PS2]2Ni.py2 was found to be so broad as to be 
virtually indetectable. Furthermore , electron donation by 
the solvent to the nickel atom is expected to cause an 
increase in electron density in the dithiophosphate ligand, 
and is consistent with an increased shielding around the 
phosphorus nucleus, with a corresponding reduction in the 
chemical shift as was observed. 
Further to these observations, the initial stages 
of the hydrolysis of diethyl NiDTP 30 gives rise to a 
number of intermediate species the like of which had not 
been previously encountered during the study of the ZDTP 
and CdDTP complexes. After 24 hours hydrolysis, four 
resonances are apparent, at +92.5ppm (sharp) +91.1ppm 
(sharp), +78.4ppm (broad) and +61.8ppm (broad). The 
latter of these appear to be due to poorly resolved 
resonances of the hydrolysis products 13a, 20 and 22a, 
which occur in this region of the spectrum and are 
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F i g u r e 36. Proposed complexation of electron donating solvents (S) to 
diethyl NiDTP 30 with the formation of 5- and 6-coordinate 
paramagnetic species 
positively identified at a later stage of the reaction. The 
two sharp peaks at +92.5ppm and +91.1ppm both have the 
characteristic chemical shifts of the dithiophosphate group 
and occur in the same region as diethyl NiDTP 30 is to be 
found when observed in non polar solvents. The sharp 
nature of these peaks suggests that if the dithiophosphate 
ligands present are associated with the nickel atom, the 
implication is that they do so in the form of a diamagnetic 
complex. In order to assist in the identification of these 
species, a number of peak enhancement experiments were 
carried out on a sample of the reaction mixture after 24 
hours of hydrolysis, the resulting spectra of which are 
shown in Figure 37. Thus, when a fresh sample of diethyl 
NiDTP 30 was added to the hydrolysis mixture, the 
resulting spectrum (Figure 37b) showed an slight increase 
in the intensity of the peaks at +92.5ppm and +91.1 and 
the concomitant appearance of a strong broad resonance 
centred around +45ppm due to the parent species. In 
another experiment, addition of a freshly distilled sample 
of the 0,0-diethyl dithiophosphoric acid 13a to the 
reaction mixture (Figure 37c) produced no increase in 
intensity of either of the said two peaks, but instead led to 
their virtual eradication and the simultaneous formation of 
peaks due to the hydrolysis products 20 and 22a. This is 
presumably a result of fast acid catalysed hydrolytic 
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Figure 37. a. 31P NMR spectrum of the hydrolysis of NiDTP 30at t=24h 
Peak enhancement: addition of diethyl NiDTP 30 
Peak enhancement: addition of 0,0-diethyl dithio-
phosphoric acid 13a 
The outcome of these peak enhancement studies 
indicate that although their chemical shifts are 
characteristic of a dithiophosphate species, neither of the 
peaks occurring at +92.5ppm and +91.lppm can be 
attributed to the presence of 0,0-diethyl dithiophosphoric 
acid 13a. This is unsurprising as previous work by Tan 95 ' 96 
has shown that 13a is hydrolysed at a very rapid rate 
(k O b 5 = 135x10 4 s 1 ) compared to the diethyl ZDTP 8a 
(k O b S = 2.35x10 4 s -1 ) and given the much slower rate of 
hydrolysis of the diethyl NiDTP 30, will not be observed 
in any appreciable quantity over this time-scale. What is 
clear is that the peaks at +92.5ppm and +91.1ppm are 
influenced by the addition of diethyl NiDTP 30 and are 
thereby associated with it. They also rapidly decompose by 
acid catalysed hydrolysis to the partially hydrolysed 
products 20 and 22a in the presence of the 
dithiophosphoric acid 13a, even at room temperature. On 
the basis of this evidence, it is proposed that these 
resonances are due to the incursion of the previously 
unobserved hydrated NiDTP species 31 and 32 (Scheme 
14), both of which are observed due to their relative 
stability to further hydrolysis as a consequence of the 
greater strength of the Ni-S bond when compared to the 
Zn-S and Cd-S bonds in the corresponding ZDTP and 
CdDTP complexes, which being weaker, result in far less 
stable hydrated intermediates which are hence not 
observable by 31p  NMR. 
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Further evidence to support this concept of 
initial complexation by water is based upon molar 
extinction coefficient studies' 38  which have shown that the 
diethyl NiDTP 30 readily complexes with water. For 
example, in uv studies, addition of a 20 volume% of water 
to an ethanolic solution of the NiDTP decrease the 
apparent molar extinction coefficient to approximately one 
fifth of the original value without changing the position of 
the band maxima. After complete hydrolysis, the maxima 
correspond to that for Ni(H 2 0) 6 2 . Further, for the 
completely decomposed solution (above 60% water 
content) it is reported that there is some indication for the 
possible existence of high spin NiDTP(H 2 0) 2 or 
NiDTP(H 2 0) 4 2  in that the observed extinction coefficients 
are slightly higher than those of the ordinary aquo ion. 
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5.4 Analysis of the insoluble hydrolysis products of 
cadmium(II) and nickel(II) 0,0-diethyl dithio-
phosphates 
During the course of the hydrolysis reaction, all 
the metal dithiophosphates studied gave rise to a dense 
precipitate. Elemental analysis of this residue for the 
hydrolysis of diethyl ZDTP 8a 95 ' 96 had shown it to be a 
complex mixture of zinc hydroxide, zinc oxide, zinc 
sulphide and zinc phosphates, formed as a result of 
reactions between the zinc hydroxide, hydrogen sulphide 
and phosphoric acid present as a consequence of 
hydrolysis. 
Further to this, the residues of the hydrolysis 
reaction of diethyl CdDTP 29 and diethyl NiDTP 30 were 
collected from the reaction mixture by filtration and dried 
thoroughly in vacuo before being analysed for all the 
expected elements. These results, along with those 
previously obtained for diethyl ZDTP 8a are shown in 
Table 7. From these figures, it is apparent that the black 
precipitate formed by the hydrolysis of diethyl NiDTP 30 
is very similar in composition to that of diethyl ZDTP 8a. 
Treatment of the precipitate with dilute hydrochloric acid 
resulted in the evolution of hydrogen sulphide, confirming 
the presence of nickel sulphide in the precipitate. The 31 P 
NMR spectrum of a solution of the precipitate in 2M 
sodium hydroxide showed resonances at +4.98ppm and 
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Table 7. 	Elemental analysis of the precipitates from the 
hydrolysis of zinc(II), cadmium(II) and 
nickel(II) 0,0-diethyl dithiophosphates 
Elemental Ratios 
ZDTP Saa 	CdDTP 29 	NiDTP 30 
M 1.00 1.00 1.00 
P 0.87 0.204 0.93 
S 0.38 1.044 0.52 
C 0.18 0.250 0.48 
H 2.38 0.703 4.19 
0 3.18 0.692 4.86 
a 	from reference 96 
-5.25ppm which were identified by peak enhancement as 
being due to sodium phosphate and sodium pyrophosphate 
respectively, proving the existence of the corresponding 
nickel phosphates in the precipitate. 
Analysis of the yellow precipitate produced by 
the hydrolysis reaction of diethyl CdDTP 29 showed it to 
be of markedly different composition to that of both the 
zinc and nickel dithiophosphate residues. It is obvious 
from the data in ¶a61Q_- 7 that the precipitate consists of 
predominantly cadmium and sulphur, with only a small 
proportion of phosphates present. Treatment of the 
precipitate with dilute hydrochloric acid resulted in the 
copious evolution of hydrogen sulphide, indicating that 
cadmium sulphide was indeed a major constituent. 
Cadmium accounted for 64% of the mass of the precipitate, 
and it is significant that CdS contains 63% cadmium by 
weight. The 31 NMR spectrum of a solution of the 
precipitate in 2M sodium hydroxide showed only small 
traces of sodium phosphate and sodium pyrophosphate , as 
expected from the analysis results, as well as a weak 
resonance at S p = +41.lppm, indicating that a small 
amount of some thiophosphate salt was present. 
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5.5 Conclusions 
The 	investigations 	carried 	out 	into 	the 
homogeneous hydrolysis of the cadmium(II) and nickel(II) 
0,0-diethyl dithiophosphates 29 and 30 have been 
enlightening with regard to the overall mechanism of the 
hydrolysis of the metal dithiophosphates in general, 
principally by showing that a common hydrolytic 
decomposition pathway exists, with each MDTP giving rise 
to identical hydrolysis products. Information obtained 
from the relative rates of reaction showing that the zinc 
and cadmium complexes Sa and 30 are hydrolysed at a 
comparable rate whilst the nickel complex proceeds much 
more slowly has been correlated to the respective M-S 
bond energies. Perhaps the most important result of these 
particular investigations is that as a consequence of the 
higher energy of the Ni-S bond, it was possible to observe 
the involvement of the hydrated NiDTP species 31 and 32 
in the initial stages of the reaction by use of 31 P NMR 
spectroscopy. This provides strong evidence for the 
existence of such intermediate species in the hydrolytic 
mechanisms of the related zinc and cadmium complexes as 
previously postulated. In the hydrolysis of ZDTPs and 
CdDTP, these intermediates are unobserved by 31 P NMR 
spectroscopy as a consequence of their relatively weak 
metal sulphur bond, which is rapidly cleaved to give the 
primary hydrolysis products. It is therefore clear that the 
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initial hydrolysis of these complexes is a two-step process, 
with attack by water at the zinc/cadmium atom being slow 
(and therefore rate determining), followed by rapid 
cleavage of the metal sulphur bond. In the case of NiDTP, 
hydrolysis is also a two-step process with both attack by 
water and the cleavage of the Ni-S bond being relatively 
slow steps, although it is presently uncertain which of 
these determines the overall rate of hydrolysis. 
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CHAPTER 6 
THE EXTENSION OF ZDTP HYDROLYSIS STUDIES TO 
TYPICAL LUBRICANT CONDITIONS 
6.1 The Heterogeneous Hydrolysis of Zinc(II) 0,0-
dialkyl dithiophosphates 
	
The 	previous 	studies 	of 	the 	hydrolytic 
decomposition of the zinc(II) 0,0-dialkyl dithio-
phosphates 8 described and discussed in CHAPTER 4 were 
all accomplished using a homogeneous (single phase) 
system in which the solvent used (DME) was miscible with 
water. The use of such a system was advantageous at that 
stage in the investigation as it permitted a straight-
forward and rapid analysis of the hydrolysis reaction and 
gave a clear insight into the chemistry, mechanism and 
kinetics involved in this process. However, to understand 
the importance of the role of ZDTP hydrolysis in 
determining the performance of operational lubricants, it 
was necessary to consider the fact that mineral oils are not 
miscible with water, and therefore homogeneous hydrolysis 
conditions do not provide a good model for comparison. It 
was envisaged that in such a heterogeneous solvent system 
a number of differences in the hydrolysis reaction might 
occur. In particular, it was anticipated that as a result of 
the immiscible nature of the solvent and water, interaction 
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between the ZDTP and water might be inhibited, with the 
consequence being a reduction in the rate of hydrolysis. In 
such circumstances, processes other than hydrolysis might 
occur giving rise to differences in the reaction products 
formed. A study of the hydrolysis of ZDTPs in a 
heterogeneous system was therefore instigated to 
determine whether any such variations in the mechanism or 
kinetics of the reaction compared to that in homogeneous 
conditions could be identified. 
Consideration of the choice of a suitable 
solvent for carrying out investigations into the 
heterogeneous hydrolysis of ZDTPs eliminated the use of 
an authentic mineral oil on the grounds of problems 
foreseen as arising from its high viscosity and dubious 
purity. A model system which displayed the important 
characteristics of a mineral oil was therefore envisaged. 
As previously discussed in Section 1.2, mineral oils 
consist almost entirely of a mixture of saturated 
hydrocarbons and aromatic compounds, and on this basis a 
1:1 mixture of n-heptane and p-xylene was chosen as 
having the appropriate characteristic and suitably high 
boiling point (105°C) 
As alluded to previously, the immiscible nature 
of the solvent with water indicated that hydrolysis of the 
ZDTP could only occur either by reaction with the very 
small amount of water dissolved in the solvent, or at the 
solvent/water interface. In order to maximise both of these 
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processes and to mimic the turbulence found in an 
operating engine, emulsification of the reaction mixture by 
vigorous stirring was required. This precluded the use of a 
series of NMR tubes as the reaction vessel, as used in the 
case of the homogeneous hydrolysis studies. Instead, the 
reaction was carried out on a larger scale (typically 25ml) 
in a round bottomed flask fitted with a water condenser 
and a magnetic stirrer bar. Because of the longer reaction 
times involved, a water bath was unsuitable for heating the 
reaction and was therefore substituted by a silicon oil bath 
above a hotplate/magnetic stirrer fitted with a contact 
thermometer. A constant stirring rate of 750rpm was 
maintained at all times. 
In order that the results of this study would be 
comparable with those obtained for the homogeneous 
hydrolyses, identical reaction conditions were employed 
where practical. Hence, heterogeneous hydrolysis reactions 
were carried out using 0.350 mol dm -3  solutions of the 
appropriate ZDTP in 1:1 heptane/xylene with 10 molar 
equivalents of water added, heated at a temperature of 
85±2°C. Triphenyl phosphate was also added at a 
concentration of 0.175 mol dm -3  as an inert internal 
standard for quantitative 31 P NMR kinetic studies. At 
appropriate intervals, an aliquot of the reaction mixture 
was removed and analysed by 31 P NMR spectroscopy using 
the techniques and parameters described previously. 
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Using these conditions, the heterogeneous 
hydrolysis of a number of the ZDTPs which had previously 
been the subject of homogeneous hydrolysis studies was 
carried out. The ZDTPs used were the 2-propyl 8b, 2-butyl 
Sc, 4-methyl-2-pentyl Se and 2-ethylhexyl Sf derivatives, 
chosen for their ease of preparation and commercial 
significance. Diethyl ZDTP 8a was found to be unsuitable 
for study as a consequence of its poor solubility in the 
chosen solvent system. 
Monitoring of the hydrolysis reactions by 31 P 
NMR spectroscopy gave rise to spectra which showed a 
gradual decay of the ZDTP resonance over a much longer 
period of time than for the corresponding homogeneous 
hydrolyses, as illustrated by the spectra for 2-propyl 
ZDTP Sb shown in Figure 38. Somewhat surprisingly, 
there was little evidence in these spectra for the 
appearance of any of the products associated with 
hydrolysis, although a colourless precipitate was observed 
to form as the ZDTP decomposed. However, reaction 
products could be observeri in the latter stages of the 
reaction by homogenising the reaction mixture with the 
addition of a little DME or acetone to the NMR sample. 
The result of this procedure for each of the ZDTPs 
8b,8c,8e and 81 are shown in Figures 39-42 respectively. 
In each case, resonances can be seen to occur to a greater 
or lesser degree at chemical shifts of Ca. +85ppm, +58ppm 
and Oppm, which were identified as being due to the key 
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Figure 38. 	31P NMR spectra for the heterogeneous hydrolysis 
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Figure 39. 	31p NMR spectrum of the reaction products for the 
heterogeneous hydrolysis of 2-propyl ZDTP 8b in 
1:1 heptane/xylene at 85°C,t=18h 
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Figure 40. 	31 P NMR spectrum of the reaction products for the 
heterogeneous hydrolysis of 2-butyl ZDTP 8c in 
1:1 heptane/xylene at 85°C ,t=28h 
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Figure 41. 	31 P NMR spectrum of the reaction products for the 
heterogeneous hydrolysis of 4-methyl-2-pentyl 
ZDTP 8e in 1:1 heptane/xylene at 85°C ,t=42h 
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Figure 42. 	31 P NMR spectrum of the reaction products for the 
heterogeneous hydrolysis of 2ethy1hexy1 ZDTP 8f 
in 1:1 heptane/xylene at 85°C ,t=145h 
hydrolysis products . 0,0-dialkyl dithiophosphoric acid 13, 
thiophosphoric acid 20 and phosphoric acid 21. Also 
identified in the case of 4-methyl-2-pentyl ZDTP Se 
(Figure 41) and 2-ethyihexyl ZDTP 8f (Figure 42) was the 
presence of 0-ethyl phosphoric acid 24 at -2.Oppm. These 
acidic species are obviously insufficiently soluble in the 
heptane/xylene solvent to be observed by 31 P NMR 
spectroscopy and probably form an immiscible layer with 
the water present. This concept was backed up by the 
observation that the aqueous layer assumed a cloudy 
appearance as the reaction progressed. These spectra also 
show a number of other previously undetected resonances 
occurring in the chemical shift range +40-50ppm, which 
corresponds to part of the region in which 
(mono)thiophosphates typically occur, usually as the 
anion. Such resonances had not been encountered in 
homogeneous hydrolysis studies and were not associated 
with any known products of hydrolysis. Thus it was 
unclear whether these resonances were caused by some 
further step in the hydrolysis reaction or as a result of 
some non-hydrolytic process such as thermal 
decomposition of the ZDTP. It is generally accepted 8 ° that 
ZDTPs are thermally stable up to temperatures of Ca. 
130°C. Given that hydrolysis reactions were performed at 
85°C it therefore seemed unlikely that thermal 
decomposition of the ZDTP would play a significant role. 
Indeed, studies carried out during investigations of the 
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homogeneous hydrolysis of diethyl ZDTP 8a 94 ' 95 in DME 
had confirmed this. However, given the long periods over 
which the ZDTPs were subjected to heating during the 
present reactions, it seemed prudent to undertake some 
studies of the thermal decomposition of ZDTPs in an 
attempt to clarify the origin of the unidentified 
resonances. Using the 4-methyl-2-pentyl derivative Se, the 
thermal decomposition of the ZDTP in refluxing p-xylene 
(bp 135°C) was monitored by 3P NMR spectroscopy. The 
expected zinc polyphosphate 16 was recovered as a 
precipitate but at no time were any soluble products or 
intermediates observed in the 31 P NMR spectra. The 
reaction was then repeated using conditions similar to 
those used in heterogeneous hydrolysis reactions ie. in 1:1 
heptane/xylene and at 85°C, although no water was 
present. At this lower temperature, no evidence of thermal 
decomposition of the ZDTP was observed, either in the 
form of a precipitate or as additional resonances in the 31 P 
NMR spectra (Figure 43), even after 72hrs. By 
comparison, the resonance at +40ppm observed during the 
heterogeneous hydrolysis of 4-methyl-2-pentyl ZDTP Se 
occurred after only 42 hours. It can therefore be concluded 
that the resonances observed in the region of +40-50ppm 
during the heterogeneous hydrolysis of the ZDTPs studied 
were not formed as a consequence of thermal 
decomposition reactions but can probably be ascribed to 
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Figure 43. 	31P NMR spectrum of 4-methyl-2-pentyl ZDTP 8e in 
anhydrous 1:1 heptane/xylefle after 72 hours 
thermolysis at 85°C 
Se 
identity of these products is unclear and a lack of time 
precluded a detailed investigation of their formation. 
However, their chemical shift values of +40-50ppm are 
typical of cationic thiophosphate species, and this suggests 
that complexation between a thiophosphoric acid and some 
zinc species (eg. zinc(II)hydroxide) may be responsible 
for these resonances, although in the absence of any 
evidence, this remains purely speculation. 
By establishing that thermal decomposition of 
the ZDTP did not occur under the conditions used for 
heterogeneous hydrolysis reactions it was therefore 
possible to conduct meaningful kinetic studies into the 
rates of ZDTP hydrolysis under such conditions. These 
studies were effected using the reaction procedures 
described previously in this section, with the addition of 
triphenyl phosphate at a concentration of 0.175 mol dm -3  
as an internal standard. The acquisition of quantitative 31 P 
NMR spectra for kinetic analysis was carried out as 
described in section 4.4. In interpreting the kinetics of the 
homogeneous ZDTP hydrolysis reactions it was found that 
the reaction could be approximately described as initially 
following psuedo-first-order kinetics due to the water 
being present in a large excess. In the case of 
heterogeneous ZDTP hydrolysis reactions this assumption 
could not automatically be made, as the two-phase nature 
of the reaction results in water not being available to the 
ZDTP in any great excess. It was therefore necessary to 
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consider the kinetic analysis of the 31 P NMR data not only 
in 	terms of the 	first-order kinetic approach described 	in 
Section 4.4 but also in terms of second-order kinetics 
according to the rate expression 
-d[ZDTP]/dt = k[ZDTP][H20] 	 33 
which gives the integrated rate equation 
1/(a 0 x) - 1/a 0 = kt 	 34 
where a 0 is the initial concentration of the ZDTP and a 0 -x 
is the amount of ZDTP remaining at time t. Hence a plot 
of 1I(a0 -x) verses time would give, for a second-order 
reaction, a straight line of slope k. 
The data obtained from the heterogeneous 
hydrolysis of ZDTPs 8d,8c,8e and 8f was treated by both 
first and second-order kinetic analysis. Somewhat 
surprisingly, it was found that in each case, first-order 
kinetics could be applied, as exemplified by the linear 
plots shown in Figures 44-47, whereas application of 
second-order kinetics gave rise to curved plots. This can 
be rationalised by consideration of the heterogeneous 
system as being one in which the ZDTP is effectively in 
great excess compared to the water. Therefore, it is not 








0 	 20 	 40 	 60 	 80 
t(s)/10 3 
Figure 44. 	First-order kinetic plot for the heterogeneous 
hydrolysis of 2-propyl ZDTP Sb in 1:1 heptane/ 
xylene at 85°C with 10 equivalents of water. 







Figure 45. 	First-order kinetic plot for the heterogeneous 
hydrolysis of 2-butyl ZDTP Sc in 1:1 heptane/ 





0 	20 	40 	60 	80 	100 	120 	140 	160 
t(s)/10 3 
Figure 46. 	First-order kinetic plot for the heterogeneous 
hydrolysis of 4methy1-2-pefltyl ZDTP Se in 1:1 
heptane/xylefle at 85°C with 10 equivalents of 
water. 









Figure 47. 	First-order kinetic plot for the heterogeneous 
hydrolysis of 2-ethyihexyl ZDTP 8f in 1:1 heptane/ 
xylene at 85°C with 10 equivalents of water. 
concentration of water, with the result that the reaction 
can be described as pseudo-first-order. 
Comparison of the results of kinetic analysis of 
the heterogeneous hydrolysis of ZDTPs with those 
obtained for homogeneous hydrolysis shows that some very 
significant differences exist between the two different 
hydrolysis systems. Firstly it is clear that the 
heterogeneous hydrolysis reaction does not exhibit the 
tendency towards acid catalysed acceleration of the rate in 
the latter stages of the reaction which is observed during 
homogeneous hydrolysis. This is as a consequence of a 
lack of build up of acidic species in solution, particularly 
the dialkyl dithiophosphoric acid 13, thiophosphoric acid 
20 and phosphoric acid 21, due to their relative 
insolubility in the solvent used (as evidenced by the lack 
of product peaks in the 31p  NMR spectra). Secondly, it is 
apparent from the rate constants determined for the 
heterogeneous hydrolysis of ZDTPs 8b,8c,8e and 81 
displayed in Table 8 that not only do the reactions proceed 
at a slower rate than for the corresponding homogeneous 
hydrolyses, but that the rate of hydrolysis is significantly 
affected by the size of the alkyl group on the ZDTP. For 
homogeneous hydrolysis, it was found that the rate 
constant k obs  had a value of approximately 2.5x10 4 s' and 
was essentially unaffected by changes made to the alkyl 
substituent on the ZDTP. This was ascribed to being due to 
a hydrophobic effect, with the alkyl groups clustering 
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Table 8. 	First-order rate constants (k obs ) for the hetero- 
geneous hydrolysis of zinc(II) 0,0-dialkyl 
dithiophosphates 8b,8c,8e and Sf in 1:1 heptane/ 
xylene at 85°C with 10 equivalents of water 
ZDTP 	 k O b S /10 5 s' 
2-propyl 8b 	 4.16 
2-butyl Sc 	 2.23 
4-methyl-2-pentyl 8e 	1.61 
2-ethyihexyl 8f 	 0.66 
together in the polar solvent, leaving the zinc centre 
exposed to attack by water, unhindered by any steric or 
hydrophobic considerations. In the case of heterogeneous 
hydrolysis reactions, the general decrease in the rate of 
hydrolysis observed (from 6-fold for 2-propyl ZDTP Sb to 
Ca. 40-fold in the case of 2-ethylhexyl ZDTP Sf) is caused 
by the reduction in the overall availability of water due to 
the two-phase nature of the system. Further, in the non 
polar solvent used,, there is no requirement for the ZDTP 
to participate in hydrophobic bonding and they are 
therefore free to adopt their normal structural 
configurations. As a result, instead of the zinc centre 
being exposed, the reverse is true, with the alkyl 
substituents forming a hydrophobic barrier which restricts 
attack by water. This effect is emphasised by the kinetic 
data which shows that the larger alkyl derivatives are 
hydrolysed at a slower rate, as a consequence of the 
greater protection they afford to the zinc centre. 
In conclusion, it has been shown that the 
heterogeneous hydrolysis of ZDTPs proceeds by essentially 
the same mechanistic path as observed for the 
homogeneous hydrolysis reaction, with the major products 
being thiophosphoric acid 20 and phosphoric acid 21 as 
well as unidentified thiophosphate species occurring, a 
6+40-50ppm in the 31p NMR spectrum. The rate of 
reaction is considerably slower than that observed under 
homogeneous conditions and is also affected by the size of 
160 
the alkyl substituent on the ZDTP, as a consequence of the 
absence of 	any 	hydrophobic 	bonding between 	the alkyl 
groups. 
6.2 The Effect of Additive/Additive Interactions upon 
ZDTP Hydrolysis 
In determining the importance of the role 
played by ZDTP hydrolysis in terms of the performance of 
commercial lubricants it was recognised that not only was 
it necessary to consider the effect of a heterogeneous 
hydrolysis system upon the progress of the reaction, as 
undertaken in the previous Section, but also the possible 
effect of the presence of other lubricant additives, 
particularly those capable of interacting with the ZDTP. 
Such interactions were previously discussed in Section 
2.5, with the most significant being that with the 
polyamine succinamide dispersants 7 which are known to 
form complexes with the ZDTP. The structure of the 
polyamine succinamide dispersants (Section 1.4) typically 
consists of a polyisobutylene succinamide (the function of 
which is to provide oil solubility) to which a tetraethylene 
pentamine group is attached at the nitrogen of the 
succinamide ring. The use of an authentic sample of a 
dispersant additive in this study was rejected due to the 
difficulty in obtaining a sufficiently pure sample from a 
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commercial source (such additives are normally supplied 
dissolved in mineral oil) as well as on the grounds of the 
problems posed by the large quantities that would be 
required as a consequence of its high molecular weight. 
Instead, it was therefore envisaged that the interaction of 
these additives with ZDTPs would best be modelled by the 
use of simple aliphatic amine analogues such as 
diethylethylene diamine as well as the commercially 
available tetraethylene pentamine. 
It was decided that a homogeneous reaction 
system would be most suited to this study in order that the 
hydrolysis could be studied in a rapid and straight-forward 
manner. The heterogeneous reactions had been shown to be 
slow and gave rise to products of an uncertain nature. 
Consequently, the subsequent hydrolysis reactions were 
carried out at 85°C in DME with either an isolated 
ZDTP.amine complex or with the ZDTP and amine mixed 
in situ to allow variations in the amine concentration to be 
made. In each case the ZDTP was present at a 
concentration of 0.350 mol dm -3 with water added in a 10 
molar equivalent excess. The resulting reaction mixtures 
were transferred to 5mm NMR tubes containing a d 6 - 
benzene internal capillary lock which were heated at 85°C 
in either a water or oil bath for an appropriate period of 
time. Upon quenching the reaction in ice, the 31p  NM  
spectrum of the samples were obtained using the 
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techniques 	and parameters previously described in 
CHAPTER 4. 
Initial investigations into the effect of amine 
complexation upon the hydrolysis of ZDTPs were 
instigated by the preparation of known 40.110  crystalline 
complexes of 2-propyl ZDTP 8b with pyridine (py) and 
diethyethylene diamine (deen). Specifically, these were 
the 1:1 five coordinate complex 2-propyl ZDTP.pyridine, 
[(RO)2PS2]2Zn.py, 33 and the 1:1 six coordinate 
complex 2-propyl ZDTP.diethylethylene diamine, 
[(RO)2PS2]2Zn.deen 34. Monitoring of the 2-propyl 
ZDTP.py complex 33 by 31 P NMR spectroscopy showed 
that no evidence of hydrolysis occurring could be detected 
in the initial eight hours of the reaction, but after twelve 
hours decomposition of the complex did occur with heavy 
precipitation and the appearance of peaks at +63.4ppm, 
+61.7ppm, +60.lppm, +1.2ppm and -2.3ppm (Figure 48a) 
identified as being due to 0,0-bis(2-propyl) 
thiophosphoric acid 23b,O-(2-propyl) thiophosphoric acid 
22b, thiophosphoric acid 20, phosphoric acid 21 and 0-(2-
propyl) phosphoric acid 24b by proton coupling. Similar 
analysis of the 	hydrolysis of 	the 	2-propyl 	ZDTP.deen 
complex 34 showed that no hydrolysis occurred before 72 
hours but that after 96 hours complete decomposition of 
the complex had occurred. The 31 NMR spectrum of the 
complex after this time (Figure 48b), although very weak, 
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Figure 48. 	31 P NMR spectra of the hydrolysis products of 
2-propyl ZDTP.pyridine complex 33, t=12h 
2-propyl ZDTP.diethylethYlefle diamine 
complex 34, t=96. 
thiophosphoric 	acid 	20 	and 	phosphoric 	acid 	21 
respectively. Both these reactions appear to show that the 
presence of an amine complex considerably retards the 
hydrolysis of the ZDTP species by means of an induction 
period during which no hydrolysis was observed to occur. 
In the case of the five-coordinate 2-propyl ZDTP.py  
complex 33 this induction period was Ca. twelve hours 
long whereas for the six-coordinate 2-propyl ZDTP.deen 
complex 34 it was in excess of 72 hours. These initial 
results indicate that the period of •induction may be 
dependant upon the coordination number of the complex, 
or in effect, the amine concentration. 
To further investigate the effect of amine 
complexation upon ZDTP hydrolysis, studies were 
continued by using the commercially important 4-methyl-
2-pentyl ZDTP Se. Amine complexes of such large chain 
ZDTPs are not isolated as crystalline solids but tend to be 
viscous oils. It was therefore convenient to mix the ZDTP 
and amine in situ before commencing hydrolysis. It was 
hence possible to vary the concentration of the amine 
present, thereby allowing the effect of its concentration 
upon the progress of hydrolysis to be observed. The 4-
methyl-2-pentyl ZDTP 8e was prepared using the one-pot 
synthesis' 2 ' described in Section 4.3 which ensured that 
any induction periods observed could be entirely attributed 
to the presence of the amine and not as a consequence of 
impurities. Diethylethylene diamine was chosen as a 
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suitable ligand due to its resemblance of sections of the 
tetraethylene pentamine group found on dispersant 
additives. Stock solutions of 0.70 mol dm -3  4-methyl-2-
pentyl ZDTP Se and 0.35 mol dm -3 diethylene diamine 
were combined in appropriate volumes to give reaction 
mixtures which contained ZDTP and deen in molar ratios 
of 4:1, 2:1, and 1:1. This corresponded to ZDTP to amine 
ratios of 2:1, 1:1 and 1:2* , with the ZDTP being present at 
a concentration of 0.35 mOl dm -3  at all times. Triphenyl 
phosphate was also added at a concentration of 0.175 mol 
dm -3  to allow quantitative 31 P NMR spectroscopy to be 
attempted. Unfortunately, although the spectral data for 
these reactions was collected successfully, technical 
problems with the data storage facilities resulted in it not 
being possible to plot most of the spectra. Consequently, 
the relevant spectral information is displayed in Tables 9 
to 11 which are referred to in the following paragraphs. 
Hydrolysis of 2-methyl-2-pentyl ZDTP Se in the 
presence of the deen at a ratio of 2:1 (Table 9) was found 
to occur only after an induction period of some five hours. 
Rapid hydrolysis then followed, with all the ZDTP 
decomposed after six hours with the formation of 
thiophosphoric acid 20, phosphoric acid 18, O-alkyl 
•thiophosphoric acid 22e, 0,0-dialkyl thiophosphoric acid 
* Note: In order to avoid confusion, it is important to appreciate the difference between the 
molar ratios used in preparing the reaction mixtures and the effective ZDTP:amine ratios. The 
latter of course refers to the ratio of ZDTP to nitrogen atoms and is independent of the mono-, 
bi- or polydentate nature of the amine. It is this ratio that is refered to unless otherwise stated, to 
permit direct comparison between different amines. 
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23e and O-alkyl phosphoric acid 24e as products (Figure 
49). Similarly, when the concentration of amine was raised 
to give a ratio of 1:1, hydrolysis of the ZDTP Se was again 
inhibited with an induction period of some eight hours 
being observed with subsequent rapid hydrolysis completed 
within ten hours along with the formation of all the 
expected hydrolysis products (Table lO).When the amine 
concentration was further increased to a 2:1 excess over 
the ZDTP, it was immediately noted that the 31p NMR 
signal of the resultant ZDTP.deen complex appeared as two 
distinct adjacent peaks (Table 11). This indicated the 
presence of both five and six coordinated zinc centres in 
the reaction mixture. No evidence of hydrolysis was 
observed over the twenty hours that the reaction was 
monitored. It is clear from the results of these reactions 
that the concentration of amine present has a significant 
bearing on the progress of ZDTP hydrolysis by means of 
an induction period in the preliminary stages of the 
reaction. 
The hydrolysis of 4-m ethyl- 2-pentyl ZDTP Se 
was also carried out in the presence of tetraethylene 
pentamine (tepa), the polyamine routinely used in 
commercial dispersant additives, for comparison with the 
previous results. These reactions were carried out as 
before, with ZDTP:tepa molar ratios of 4:1, 2:1 and 1:1 
being used. These correspond to ZDTP:amine ratios of 4:5, 
2:5 and 1:5 respectively. At the lowest amine 
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Figure 49. 	31p 
NMR spectrum of the hydrolysis products of 4-methyl-2- 
pentyl ZDTP 8e in the presence of diethylethylefle diamine at 
4:1 molar ratio, t= ôh. 
Table 9. 	Chemical shift data for the hydrolysis of 4- 
methyl-2-pentyl ZDTP Se in the presence of 
diethylethylene diamine in 4:1 molar ratio at 
85°C in DME with 10 equivalents of water. 
time(h) 	chemical shift(ppm) 	species 
0 	 100.2 	 ZDTP.deen 
2 	 100.3 	 ZDTP.deen 
5 	 100.7 	 ZDTP.deen 
	
64.6 	 23 
62.3 22 
6 (see Fig 49 ) 	60.1 	 20 
2.4 21 
0.9 	 24 
Table 10. Chemical shift data for the hydrolysis of 4-
methyl-2-pentyl ZDTP Se in the presence of 
diethylethylene diamine in 2:1 molar ratio at 
85°C in DME with 10 equivalents of water. 
time(h) chemical shift(ppm) species 
0 101.0 ZDTP.deen 
6 101.7 ZDTP.deen 
8 101.8 ZDTP.deen 
64.6 23 
62.4 22 
10 60.5 20 
2.0 21 
0.5 24 
Table 11. Chemical shift data for the hydrolysis of 4-
methyl-2-pentyl ZDTP Se in the presence of 
diethylethylene diamine in 1:1 molar ratio at 
85°C in DME with 10 equivalents of water. 







4 	 ZDTP.deen 
102.7 
103.0 
8 	 ZDTP.deen 
102.9 
103.2 
12 	 ZDTP.deen 
103.1 
16 	 104.3 	 ZDTP.deen 
20 	 109.9 	 ZDTP.deen 
concentration used (at a ratio of 4:5), hydrolysis 
proceeded after an induction period of Ca. three hours, 
with decomposition of the ZDTP complete after six hours 
(Figure 50a) and the formation of product peaks at 
+61.9ppm, +59.8ppm +58.Oppm and -0.7ppm, which were 
identified as being due to the 0,0-dialkyl thiophosphoric 
acid 23e, O-alkyl thiophosphoric acid 22e, thiophosphoric 
acid 20 and phosphoric acid 21. When the amine 
concentration was increased to give a 2:5 excess, an 
induction period of approximately nine hours was observed 
(Figure 50b) with hydrolysis complete after twelve hours. 
Product peaks at +61.9ppm and +59.9ppm, due to the 
formation of 0,0-dialkyl thiophosphoric acid 23e and 0-
alkyl thiophosphate 22e. In contrast, when the ZDTP: 
amine ratio was raised to 1:5, no apparent hydrolysis was 
observed over twelve hours, although the appearance of a 
weak signal at +87.Oppm indicated the initial formation of 
a trace of 0,0-dialkyl dithiophosphoric acid 13e. These 
results show a similar trend to those observed for the 
hydrolysis of 4-m ethyl -2-pentyl ZDTP in the presence of 
diethylethylene diamine, with an increasing inhibition to 
hydrolysis occurring as the amine concentration increases. 
Interestingly however, it is also apparent that in the 
presence of tetraethylene pentamine, the hydrolysis of the 
ZDTP is inhibited to a lesser extent than when 
diethyethylene diamine is used. For example, when 
diethylethylene diamine is present at a ZDTP:amine ratio 
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Figure 50. 	31 P NMR spectra of the hydrolysis products of 4-methyl-2- 
pentyl ZDTP 8e in the presence of tetraethylene pentamine, 
a. 4:1 molar ratio, t=6h, b.2:1 molar ratio, t=12h. 
of 1:1, total hydrolysis was observed after Ca. ten hours, 
whereas at a similar concentration of amine in the case of 
tetraethylene pentamine (ZDTP:amine of 4:5) complete 
reaction occurred after only six hours. Similar results 
were also observed at higher amine concentrations, where 
diethylethylene diamine at a ZDTP:amine ratio of 1:2 
resulted on no hydrolysis after 24 hours whilst a 2:5 ratio 
of ZDTP:amine in the case of tetraethylene pentamine led 
to complete hydrolysis in only twelve hours. These 
observations suggest that tetraethylene pentamine is less 
strongly associated with the ZDTP than diethylethylene 
diamine because its greater steric bulk restricts access to 
the zinc centre, giving rise to a weaker complex which is 
more readily attacked by water. 
Attempts to study the kinetics of these reactions 
by quantitative 31 P NMR proved unsuccessful due to a 
combination of difficulties encountered with instrument 
sensitivity which resulted in inaccurate and unreliable 
comparison of peak intensities and because the triphenyl 
phosphate internal standard used for such work was 
succeptable to degradation in the presence of the amines 
used, with the formation of diphenyl phosphate. 
The results of these studies unequivocally show 
that the hydrolysis of ZDTPs is inhibited by the presence 
of amines in the reaction mixture and that the 
concentration of the amine has a significant bearing upon 
the extent of this inhibition, which -occurs as a result of 
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an induction period in the preliminary stages of the 
reaction. At low amine concentrations this induction 
period is overcome in a matter of hours and is followed by 
rapid hydrolysis to give the recognised hydrolysis 
products. It was also observed that tetraethylene 
pentamine had a lesser effect upon the inhibition of 
hydrolysis than the considerably smaller diethylethylene 
diamine. It has previously been shown (CHAPTER 4) that a 
key step in the mechanism of ZDTP hydrolysis is the 
formation of the hydrated species 17. In the present 
circumstances, where amines are complexed to the zinc 
centre, it is clear that before this species can be formed it 
is necessary for the attacking water molecules to displace 
the amine (Scheme 15). At higher amine concentrations the 
effective coordination of the complex increases with a 
corresponding increase in the extent of crowding around 
the zinc, the result being greater restriction of the attack 
by water, both in steric terms and in the number of Zn-N 
bonds which must be displaced. This concept is also 
compatible with the observation that the larger amines, 
which are less strongly associated with the zinc centre 
inhibit hydrolysis to a lesser extent than smaller amines 
which are able to associate more strongly with the zinc 
centre and are hence more resistant to displacement by 
water. However, such a mechanism alone would be 
expected only to slow the rate of hydrolysis (cf. 
heterogeneous hydrolysis studies where the decrease in 
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reaction rate was attributable to the restricted access of 
water to the ZDTP) rather than inhibiting it altogether by 
means of an induction period. The occurrence of induction 
periods caused by the presence of both the 'basic' form of 
the ZDTP and zinc oxide has previously been discussed at 
some length (Sections 2.4 and 4.3). In the present case 
however, neither of these species are thought to be present 
as impurities, implying that it is the presence of amine 
alone that is responsible for the induction period. It is 
known that the hydrolysis reaction is auto-catalysed by the 
formation of acidic hydrolysis products such as the 0,0-
dialkyl dithiophosphoric acid 13. It seems likely that these 
acids will form salts with the free amine formed in 
solution as a result of being displaced from the zinc by 
water and consequently will be unavailable to further 
catalyse the reaction. This would be sufficient to slow the 
reaction so as to effectively inhibit hydrolysis until all the 
free amine was consumed, at which point the rapid 
hydrolytic decomposition of the ZDTP would proceed. It is 
therefore proposed that the inhibition of the hydrolysis of 
ZDTPs in the presence of amines occurs as a result of both 
the restricted access of water to the zinc centre with the 
subsequent displacement of the amine as well as an 
induction period caused by the interaction of the free 
amine with the acidic hydrolysis products which catalyse 
the hydrolysis. What is as yet unclear, due to absence of 
reliable quantitative NMR data, is whether the rate of the 
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subsequent ZDTP hydrolysis, once the induction period is 
overcome, is in any way affected by the amine. 
6.3 Future Work 
The objective of the work described in this 
chapter was to investigate the significance of the role 
played by the hydrolytic decomposition of ZDTPs upon 
their performance as commercial lubricant additives. By 
studying the hydrolytic process in a heterogeneous solvent 
system which models a lubricant, it has been shown that 
hydrolysis under such conditions occurs at a considerably 
slower rate than in comparable homogeneous conditions. 
However, it is important to recognise that the 40 or so 
hours required for total hydrolysis of the ZDTP to occur in 
heterogeneous conditions is a relatively short time-span 
when compared to the overall operational lifetime of a 
lubricant. Some further work is required, in this area to 
determine the nature of some unidentified products 
observed during the course of these studies. 
The presence of amines of the type found in 
commercial dispersant additives has been shown to inhibit 
ZDTP hydrolysis by means of an induction period thought 
to be caused by the formation of a ZDTP.amine complex 
which restricts the approach of the attacking water 
molecules to the zinc centre and by the removal of 
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catalytic phosphoric acids through the formation of 
ammonium salts with free amine. It therefore seems likely 
that such ZDTP-amine interactions will extend the lifetime 
of the ZDTP with respect to hydrolytic decomposition. The 
importance of this inhibition would be clarified by a 
successful kinetic study of ZDTP hydrolysis in the 
presence of amines carried out in heterogeneous 
conditions. Such a study might also shed light upon what 
effect, if any, amines have upon the subsequent rate of 
ZDTP hydrolysis that occurs after the induction period is 
overcome. 
The use of model systems to study complex 
processes such as ZDTP hydrolysis will always have its 
limitations, and consequently 31 P NMR techniques should 
be used to attempt to identify evidence for the occurrence 
of hydrolysis in a fully blended commercial lubricant 
under hydrolytic conditions. If successful, an extremely 
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CHAPTER 7 
EXPERIMENTAL DETAILS 
PART A (SYNTHETIC REACTIONS) 
7.1 Instrumentation 
Melting 	points 	were 	determined 	on 	a 
Gallenkamp mp apparatus and are uncorrected. Combustion 
analyses were carried out on a Carlo Erba 1106 elemental 
analyser. 'H NMR spectra were obtained using either a 
Bruker WP80 spectrometer operating at 33°C or a Bruker 
WP200 SY instrument operating at 27°C. 31 P NMR 
spectroscopy was carried out on a JEOL FX90Q 
spectrometer operating at either 27°C or 55°C with an 
internal coaxial d 6 -benzene capillary lock. pH 
Measurements were made using a Kent EIL 7015 pH meter 
equipped with a model 1160 glass combination electrode. 
UV and visible spectra were obtained on a Unicam SP800A 
spectrophotometer. 
7.2 NMR Parameters 
For 'H NMR spectra, chemical shifts expressed 
in ppm are quoted relative to internal tetramethyl silane 
(TMS). For 31 P NMR chemical shifts expressed in ppm are 
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quoted with reference to 85% phosphoric acid (H 3 PO 4 ); 
shifts to high frequency (low field) are positive in sign. 
The spectral window for quantitative measurements was 
5200Hz with 8k data giving 0.635Hz per point. A pulse 
width of 4s(20°) was used with an acquisition time of 
0.787s. A pulse delay of 5s was used to allow for the 31 P 
spin-lattice (T 1 ) relaxation times, based on the findings of 
previous studies 95 . Accumulation over 100 scans per 
spectrum gave a satisfactory signal:noise ratio of 10:1 or 
better with solution strengths of Ca. 0.35 mol dm -3 . 
Quantitative spectra were obtained exclusively in the 
proton -decoupled mode whilst qualitative spectra were 
obtained in both the proton-coupled and proton -decoupled 
modes. The main NMR solvents used were CDC1 3 and DME 
but other solvents when used are indicated. 
7.3 Solvents 
All solvents used were of AnalaR grade and 
were thoroughly dried before use by an appropriate 
method. Water used in the hydrolysis reactions was 




Potassium 0,0-dialkyl dithiophosphate.- Phosphorus 
pentasuiphide (50.0g, 0.23 mol) was added in small 
portions to the alcohol (0.80 mol) stirred under argon gas. 
The temperature was raised to 60°C and the reaction 
heated for 5-6h. The liberated hydrogen sulphide was led 
into a concentrated sodium hypochlorite solution. On 
cooling the mixture was filtered to remove excess 
phosphorus pentasuiphide, giving the 0,0-dialkyl 
dithiophosphoric acid 13 (80%) which was immediately 
neutralised with a saturated solution of potassium 
hydrogen carbonate. Extraction with ether removed any 
unreacted acid and impurities and the remaining aqueous 
layer was evaporated in vacuo. The resulting residue was 
warmed in acetone and hot filtered to remove inorganic 
solids. On evaporation of the acetone the potassium 
dithiophosphate was obtained: 
Potassium 0,0-diethyl dithiophosphate, mp 191-195°C 
(acetone-ether) (1it 120 194-195 0 C), 6(D 2 0) +110.6 (lith 12 
+110.5). 
Potassium 0,0-bis(2-propyl) dithiophosphate, mp 203°C 
(acetone) (hO 39 193°C), ö(D 2 0) +107.6 (1it 112 +107.4). 
Potassium 0,0-bis(2-butyl) dithiophosphate, mp 126-
128°C (acetone), ö(CDCl 3 ) + 108.5. 
Potassium 0,0-bis(hexyl) dithiophosphate, mp 153-156°C 
(acetone), ö(CDC1 3 ) + 110.9. 
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Potassium 0,0-bis(4-methyl-2-pentyl) dithiophosphate, mp 
153-157°C (acetone), 8(CDC1 3 ) + 111.6. 
Potassium 	0,0-bis(2-ethylhexyl) 	dithiophosphate, 	oil, 
ö(CDC1 3 ) + 109.3. 
7.5 
'Normal' zinc(II) 0,0-bis(dialkyl dithiophosphates) 
8.- a. prepared by the reaction of potassium 0,0-dialkyl 
dithiophosphate with zinc(II) sulphate at a 2:1 molar ratio 
in aqueous solution. Extraction with ether followed by 
evaporation in vacuo gave the ZDTP 8. b. Higher 
homologues (8c-f) were alternatively prepared by a 'one-
pot' reaction' 21 : 0,0-dialkyl dithiophosphoric acid 13 
(0.162 mol) in water (400m1) at 60 °C under argon gas was 
neutralised with Sm sodium hydroxide solution using 
phenolphthalien indicator. Zinc sulphate (25.9g, 0.090mol) 
in water (60m1) was added and the solution stirred at 50°C 
for 2h. On cooling, the reaction mixture was extracted 
with ether (2x100ml) and the dried extract filtered through 
Kieselguhr. The solvent was evaporated in vacuo to give 
the ZDTP S. 
'Normal' zinc(II) bis(O,O-diethyl dithiophosphate) 8a 
(85%), mp 76-78°C (heptane) (lit. 140 77°C), 8(CDC1 3 ) 
+95.5 (lit 96 +96.5), (DME) +100.8 (1it 96 +101.5). 
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'Normal' zinc(II) bis[O, O-bis(2-propyl) dithiophosphate] 
Sb (85%), mp 144-145°C (heptane) (lit- 80 144.5), 
ö(CDCl 3 ) +94.8 (lit 5 +94.8), (DME) +97.1(1it 5 +94.3). 
'Normal' zinc(II) bis[O,O-bis(2-butyl) dithiophosphate] Sc 
(83%), oil, 8(CDC1 3 ) +87.8, (DME) +97.1, 6H(CDC13) 
0.94 (12H, t,  3J 7.4Hz, CH 3 ), 1.37 (12H, d, 3H 6.2Hz, 
CH 3 ), 1.70 (8H, m, CH 2 ), 4.66 (4H, m, CH). 
'Normal' zinc(II) bis[O,O-bis(hexyl) dithiophosphate] 8d, 
(85%), oil, 6(CDC1 3 ) +97.9, (DME) +98.4, 8H(CDC13) 
0.87 (12H, t, 3H 6.4Hz, CH 3 ), 1.32 (24H, m, 3xCH 2 ), 1.71 
(8H, m, CH 2 ), 4.14 (8H, dt, 3PH 9.0Hz, 3H  6.5Hz, CH 2 ). 
'Normal' zinc(II) bis[O,O-bis(4-methyl-2-pentyl) dithio- 
phosphate] Se (93%), oil, 8(CDC1 3 ) +93.1, (DME) +96.6, 
11 (CDCl 3 ) 0.90 (12H, d, 3H  6.5Hz, CH 3 ), 0.94 (12H, d, 
3 J  6.5Hz, CH 3 ), 1.32 (4H, m, CH), 1.40 (12H, d, 3H 6.2 
Hz, CH 3 ), 1.73 (8H, m, CH 2 ), 4.77 (4H, m, CH). 
'Normal' 	zinc(II) 	bis[O, O-bis(2-ethylhexyl) 	dithio- 
phosphate Sf (79%), oil, &(CDC1 3 ) +100.6, (DME) +101.4, 
8H(CD3) 0.87 (12H, t,  3 JH 6.5Hz, CH 3 ), 0.89 (12H, 
7.4Hz, CH 3 ), 1,26 (32H, m, CH 2 ), 1.58 (4H, m, CH), 3.85 
(8H, m, CH 2 ). 
7.6 
Cadmium(II) bis(O,O-diethyl dirhiophosphate) 29.-
Potassium 0,0-diethyl dithiophosphate (10.16g, 0.05mol) 
and cadmium sulphate (3CdSO 4 .8H 2 0) (6.41g, 0.025mol) 
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were mixed vigorously in water (40m1). The resultant 
precipitate was collected by filtration and soxhiet 
extracted with dichloromethane (250m1) for two days. The 
solvent was dried and evaporated in vacuo to yield the 
CdDTP (10.15g. 94%), mp 144-145°C (ethanol) (lit 14 ' 
144°C), 6(CDC1 3 ) + 107.7, (DME) +106.6. 
7.7 
Nickel(II) 	bis(O,O-diethyl dithiophosphate) 30.- 
Potassium 0,0-diethyl dithiophosphate (10.15g, 0.05mol) 
and nickel sulphate (NiSO 4 .7H 2 0) (5.22g, 0.025mol) were 
vigorously mixed in water (40m1). The purple solution was 
extracted with ether (3x20m1), dried and evaporated in 
vacuo to yield the NiDTP (4.38g, 41%), mp 105-106°C 
(heptane) (lit 142 105°C), 8(CDC1 3 ) +92.9, (DME) 
+53(broad). 
7.8 
Thiophosphoric acid 20 1 .- Water (1.3m1, 0.072mol) 
was added dropwise to a slurry of phosphorus 
pentasulphide (1.39g, 6.3mmol) in acetone (2.5m1) at 0°C 
under argon gas. The temperature was maintained below. 
10°C and the mixture stirred for 1.5h. The temperature was 
raised to 25°C and the mixture filtered. The solvent was 
removed in vacuo to yield the thiophosphoric acid (0.90g, 
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63%) which was stored at -20°C. 	(DME) +58.7 (lit" 
+58.7). 
7.9 
0-Ethyl 	thiophosphoric 	acid 	22a' 44 .- 	 0-Ethyl 
dichiorothiophosphate (2.05g. 0.01 imol) was slowly added 
to an aqueous solution of sodium hydroxide (20m1, 10%) 
and 1,4-dioxane (3m1) and stirred vigorously for 30mm. 
until the mixture was homogeneous. On cooling the 
reaction was neutralised with hydrochloric acid (2M) and 
the solvent removed in vacuo. The resultant residue was 
extracted with hot methanol (3xlOml) and the dried extract 
evaporated to give the disodium salt (1.99g, 95%), 
(D 2 0) +45.1 (lit. 145 +42.0). This was stirred over 
DOWEX-50W ion exchange resin in DME overnight, 
filtered and the solvent evaporated in vacuo to give 22a 
(1.28g. 82%), oil, 6(DME) +60.4 (lit. +61.3). 
7.10 
0,0-Diethyl thiophosphoric acid 23a' 46 .- Diethyl 
phosphite (10.0g, 0.072mol), sulphur (2,31g, 0.072mo1) 
and triethylamine (7.27g. 0.072mo1) in ether (30m1) was 
heated under reflux for 3.5h. to give the triethylammonium 
salt. The mixture was acidified with an excess of 
hydrochloric acid and extracted with ether to give 23a 
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(9.63g, 79%), 	(CDCl 3 ) +57.3 (DME) +63.5 (lit. 147 (neat) 
+58.1). 
7.11 
0-Ethyl phosphoric acid 24.- Obtained from a sample 
of the dicyclohexyl ammonium salt previously prepared by 
Dr Paul Tan, University of Edinburgh, by the reaction of 
phosphorus acid and ethanol in the presence of 
mercury(II)chloride and triethylamine 148 . The dicyclo-
hexyl ammonium salt was recrystallised from ethanol and 
acidified with hydrochloric acid to give 24, (DME) -0.6 
(lit 6 -0.6). 
7.12 
Nickel(II) 	0, 0-bis(diethyl 	dithiophosphate). 
(pyridine) 2 complex 135 .- Diethyl NiDTP 30 (0.57g, 
1.32mmol) and excess pyridine (0.40g. 5.06mmol) were 
gently warmed in ethanol (30m1) until all the solid had 
dissolved. On cooling, the intense green complex 
precipitated from solution and was collected by filtration 
(0.69%, 88%) mp 135°C(decomp) (acetone), (Found: C, 
37.2; H, 5.5; N, 4.7. Calc for C, 8 H 30 N 2 O 4 P 2 S 4 Ni: C, 36.9; 
H, 5.1; N, 4.8). 
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7.13 
Zinc(II) 	b is[ O,  0 -bis(2 -p ropy l) 	dithiophosphate]. 
pyridine complex 3340• 2-Propyl ZDTP Sb (1.96g, 
4.Ommol) in ethanol (40m1) was added to pyridine (0.32g, 
4.Ommol). The reaction mixture was stirred overnight and 
the solvent removed in vacuo to give colourless crystals of 
33 (2.09g, 92%) mp 78-80°C (ethanol) (lit.° 81 0 C), 
(Found: C, 35.6; H, 5.8; N, 2.1 Caic for C 17 H 33 NO 4 P 2 S 4 Zn: 
C, 35.8; H, 5.8; N, 2.5), 6H(CDCI3) 1.36 (24H, m, CR 3 ), 
4.84 (4H, m, CH), 7.57 (2H, m, Ar-H), 7.61 (1H, m, Ar-
H), 9.03 (2H, m, Ar-H), (CDCl 3 ) +96.6, (DME) +96.7 
7.14 
Zinc(II) bis[O , O-bis(2 -propyl) dithiophosphate] .di-
ethylerhylene diamine complex 3440• 2-Propyl ZDTP Sb 
(1.96g. 4.Ommol) in hexane (40m1) was added to 
diethylethylene diamine (0.46g, 4.Ommol) and the 
precipitated complex was collected by filtration. (2.01g. 
83%) mp 96-97°C (ethanol) (lit. 40 99-100°C), (Found: C, 
35.6; H, 7.3; N, 4.5. Calc for C 18 H 44 N 2 O 4 P 2 S 4 Zn: C, 35.6; 
H, 7.2; N, 4.6), &H(CDC13) 1.30 (24H, d, 3H  6.2Hz, CH 3 ), 
1.32 (6H, t, 3 J. 7.2Hz, CH 3 ), 3.06 (8H, m, CH 2 ), 4.76 (6H, 
m, CH and NH), (CDCl3) +101-0,  (DME) +100.0. 
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PART B (HYDROLYSIS REACTIONS) 
7.15 
The homogeneous hydrolysis of zinc(II) bis(O,O-
dialkyl dithiophosphates) 8 a -f. -  The ZDTP (3.50mmol), 
triphenyl phosphate (0.554g, 0.170mmol) and distilled 
water (0.63g, 35.Ommol) were mixed in DME (lOmi). The 
resultant solution was transferred to a series of 5mm NMR 
tubes, each containing a d 6 -benzene capillary lock, which 
were sealed and heated in a water bath at 85±0.2°C. 
Kinetic measurements were obtained by monitoring the 
disappearance of the ZDTP at time intervals, t, at which 
point the NMR tube was removed from the water bath and 
the reaction quenched by cooling in ice. 
7.16 
Homogeneous hydrolysis of zinc(II) bis[O,O - bis( 4-
methyl-2-pentyl) dithiophosphate] 8e in acidic conditions. 
The hydrolysis of 4-methyl-2-pentyl ZDTP Se was carried 
out using mixtures prepared as in 7.15, one using DME 
saturated with hydrochloric acid gas to give pH=1.0 and 
another to which 3 drops of conc. hydrochloric acid had 
been added to give pH<0. Both solutions were transferred 
to NMR tubes and hydrolysed in the usual way, along with 
a similarly prepared neutral solution for comparison. 
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7.17 
Homogeneous hydrolysis of cadmium(II) bis(O,O-
diethyl dithiophosphate) 29.- Diethyl CdDTP (1.44g, 
3.00mmol), triphenyl phosphate (0.554g, 1.70mmol) and 
distilled water (0.63g, 35.Ommol) were mixed in DME 
(lOml). The resultant solution was hydrolysed as in 7.15. 
31 P NMR spectra were obtained at a spectrometer 
temperature of 55°C as the CdDTP was somewhat insoluble 
in DME at room temperature. 
7.18 
Homogeneous hydrolysis of nickel(II) bis(O,O-diethyl 
dithiophosphate) 30.- Diethyl NiDTP (1.498g. 3.50mmol) 
and distilled water were (0.63g, 35.Ommol) were mixed in 
DME (lOml). The resultant solution was hydrolysed as in 
7.15. 
7.19 
Heterogeneous hydrolysis of zinc(II) bis(O,O-dialkyl 
dithiophosphates) 8c,d,e&f.- The ZDTP (8.75mmol), 
triphenyl phosphate (1.385g. 4.37mmol) and distilled 
water (91.57g, 87.5mmol) were mixed in 1:1 n-heptane/p-
xylene (25m1) in a 50m1 round bottomed flask fitted with a 
water condenser. The reaction mixture was heated at 
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85±2°C with vigorous stirring in an oil bath. Aliquots of 
the mixture were removed at appropriate time intervals and 
the progress of the reaction monitored by 31p NMR 
spectroscopy. 
7.20 
Thermal decomposition of zinc(II) bis[O,O - bis(4-
methyl-2-pentyl) dithiophosphate] 8e.- a. 4-Methyl-2-
pentyl ZDTP (4.98g, 7.56mmol) in p-xylene was heated 
under reflux for six hours, with periodic monitoring by 31 P 
NMR spectroscopy. b. 4-Methyl-2-pentyl ZDTP (1. 19g, 
1,75mmol) and triphenyl phosphate (o.28g, 0.875mmo1) in 
1:1 n-heptane/p-xylene was transferred to a series of 5mm 
NMR tubes and heated at 85°C for a period of 72h with 
monitoring by 31 P NMR spectroscopy 
7.21 
Homogeneous hydrolysis of zinc(II) bis[0,0 - (2 -
propyl) dithiophosphate].pyridine complex 33.- The 2-
propyl ZDTP.pyridine complex (1.815g. 3.50mmol), 
triphenyl phosphate (0.554g, 1.70mmol) and distilled 
water (0.63g, 35.Ommol) were mixed in DME (lOmi). The 
resultant solution was hydrolysed as in 7.15. 
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7.22 
Homogeneous hydrolysis of zinc(II) bis[0,0 - ( 2-
propyl) dithiophosphate].diethylethylene diamine complex 
34.- The 2-propyl ZDTP.deen complex (2.125g, 
3.50mmol), triphenyl phosphate (0.554g, 1.70mmol) and 
distilled water (0.63g, 35.Ommol) were mixed in DME 
(lOmi). The resultant solution was hydrolysed as in 7.15. 
7.23 
Homogeneous hydrolysis of zinc(II) bis[O,O - bis(4-
methyl-2-pentyl) dithiophosphate] 8e in the presence of 
diethylethylene diamine.- Stock solutions of 4-methyl-2-
pentyl ZDTP (0.70M) and diethylethylene diamine 
(0.875M) in DME were prepared: a. The ZDTP solution 
(5.00ml, 3.50mmol), deen solution (1.00ml, 0.875mmo1), 
distilled water (0.63g, 53.Omrnol) and DME (4.00ml) were 
combined to give a reaction mixture containing a 4:1 
molar ratio of ZDTP:deen. b. The ZDTP solution (5.00ml, 
3.50mmol), de.en solution (2.00ml, 1.75mmol), distilled 
water (0.63g., 53.Ommol) and DME (3.00ml) were combined 
to give a reaction mixture containing a 2:1 molar ratio of 
ZDTP:deen. c. The ZDTP solution (5.00ml, 3.50mmol), 
deen solution (4.00ml, 3.50mmol), distilled water (0.63g. 
53.Ommol) and DME (1.00ml) were combined to give a 
reaction mixture containing a 1:1 molar ratio of 
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ZDTP:deen. The above reaction mixtures were then 
hydrolysed as in 7.15 
7.24 
Homogeneous hydrolysis of zinc(II) bis[O,O - bis(4 -
methyl-2-pentyl) dithiophosphate] 8e in the presence of 
tetraethylene pentamine. - Stock solutions of 4-methyl-2-
pentyl ZDTP (0.70M) and tetraethylene pentamine 
(0.875M) in DME were prepared: a. The ZDTP solution 
(5.00ml, 3.50mmol), tepa solution (1.00ml, 0.875mmo1), 
distilled water (0.63g, 53.Ommol) and DME (4.00ml) were 
combined to give a reaction mixture containing a 4:1 
molar ratio of ZDTP:deen. b. The ZDTP solution (5.00mI, 
3.50mmol), tepa solution (2.00ml, 1.75mmol), distilled 
water (0.63g, 53.Ommol) and DME (3.00ml) were combined 
to give a reaction mixture containing a 2:1 molar ratio of 
ZDTP:deen. c. The ZDTP solution (5.00ml, 350mmol), 
tepa solution (4.00ml, 3.50mmol), distilled water (0.63g. 
53.Ommol) and DME (1.00ml) were combined to give a 
reaction mixture containing a 1:1 molar ratio of 
ZDTP:deen. The above reaction mixtures were then 
hydrolysed as in 7.15 
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Analysis of the Hydrolytic Stability of Zinc(ii) O,O-Dialkyl Dithiophosphates as 
a Function of the Nature of the Alkyl Groups by 31 P NMR Spectroscopy 
Alan J. Burn,' Ian Gosney," Paul S. G. Tan" and John P. Wastle" 
BP International Ltd., Sunbury Research Centre, Sunbury-on- Thames, Middlesex TW16 7LN, UK 
1 Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, UK 
Zinc(ii) bis(O,O-dialkyl dithiophosphates) Zn[S 2 P(OR) 2] 2 1 where R = ethyl la, 2-propyl lb. 2-butyl 
ic, hexyl id, 4-methyl-2-pentyl le, and 2-ethyihexyl if, are hydrolysed to phosphoric acid 5 and other 
by-products 0-alkyl 0,0-dihydrogen thiophosphate 6, 0,0-dialkyl 0-hydrogen thiophosphate 7, and 
alkyl dihydrogen phosphate 8 via the corresponding 0,0-dialkyl S-hydrogen dithiophosphate 3 and 
thiophosphoric acid 4. Contrary to expectation, the rates of hydrolysis of the zinc(ii) 0,0-
dialkyl dithiophosphates are found to be independent of the alkyl substituent present and fall 
within the range k Ob, = (2.34-2.96) x 10 s_ 1 . The null effect of the alkyl groupings is attributed to 
hydrophobic interactions that leave the central zinc atom exposed to attack by water irrespective of 
their size. 
'Normal' or 'neutral' zinc dialkyl dithiophosphates (ZDTPs) 1 
have enjoyed widespread usage for the past forty years as anti-
oxidants' -' and anti-wear agents 5- ''in lubricating oils. Based 
on extensive studies, it has become apparent that both of these 
properties are dependent upon the thermal stability of ZDTPs, 
which in turn, is governed by the nature of the substituent alkyl 
groups. In particular, Dickert and Rowe' have shown that the 
thermal stability of such complexes is directly related to the 
number of 13-hydrogen atoms present on the alkyl groups, i.e. 
the lower the number of 13-hydrogen atoms, the greater is the 
thermai .tability. Thus, straight-chain alkyl groups give rise to 
ZDTPs of higher thermal stability than those derived from 
branched alkyl groups. Further studies' 2 ' 13 have shown that, in 
general, the lower the thermal stability of a ZDTP complex, the 
more effective an additive it is, owing to more efficient 
degradation to the 'active state' at operating temperatures. By 
comparison, relatively little is known about the effect of alkyl 
substituents upon ZDTP hydrolytic stability. 
RO\ /S\ /S\ /OR 
P 	Zn 	P 







In previous papers, we have described the mechanism and 
kinetics of the hydrolysis of zinc(ii) bis(O,O-diethyl dithio-
phosphate), Zn[S 2 P(OEt) 2] 2 la,' 4  together with the inhibiting 
effects of its 'basic' counterpart, Zn 4 [S 2 P(OEt) 2] 60.' By using 
"P NMR spectroscopy to unravel the complexities of the 
reactions involved, it was found that diethyl ZDTP la 
hydrolysed to phosphoric acid 5 via 0,0-diethyl S-hydrogen 
dithiophosphate 3a and thiophosphoric acid 4, along with 
several by-products 6a, 7a and 8a (Scheme 1). The simple ethyl 
analogue la is not favoured in commercial oil packages, and in 
this paper, we have undertaken further kinetic studies into the 
initial stages of the hydrolysis of the more commonly used 
additives, 4-methyl-2-pentyl ZDTP Ic and 2-ethylhexyl ZDTP 
If, as well as other alkyl derivatives lb-d of varying chain-length 
in order to establish the effect, if any, of alkyl substituents in 
RO 	S 	 OR 











3 	 11 	3 	 11 HO—P—OR 	 HO—P—OR 








Scheme I 	Mechanism for the hydrolysis of zinc(ii) bis(O,O-dialkyl- 
dithiophosphates) I 
terms of size, shape, and nature (i.e. primary or secondary) 
upon their hydrolytic stability and product formation. 
Results and Discussion 
The hydrolytic studies were carried out using freshly prepared 
zinc dialkyl dithiophosphates and distilled water in a 1: 10 
molar ratio in 1,2-dimethoxyethane (DME) and the solutions 
heated at 85 °C until hydrolysis was complete. The 31 P NMR 
hydrogen-decoupled (broad band) spectra of the solutions were 
monitored for the disappearance of the ZDTP and the 
formation of the intermediates and products. For kinetic 
studies, an inert internal standard of triphenyl phosphate was 
used to compare peak intensities, and the 'H-decoupled spectra 







+50 	 0 
ppm 
(d) 












+50 	 0 
ppm 
Fig. 2 Quantitative 31 P NMR H-decoupled spectra of the hydrolyses mixtures after complete disappearance of ZDTPs la—fat 85°C with 10 mol 
equiv. of water. (a) la, I = 180 mm; (b) Ib, ' = 180 mm; (c) Ic, t =240 mm; (d) Id, t = 360 mm; (e) le, i = 420 mm; (fl If,t = 480 mm. 
of the ethyl ZDTP la, we proposed that the initial, and rate- 	substituents in the ZDTP, provides further evidence for attack 
determining, step for hydrolysis is attack by water at zinc with at the zinc centre rather than any other site in the molecule. 
the likely formation of an intermediate, probably 2, as evidenced 	Most surprisingly, the data reveal that for a given ZDTP, its 
by the subsequent appearance of the corresponding 0,0-dialkyl structure represents no steric or hydrophobic hindrance to 
dithiophosphoric acid 3; R = Et (Scheme 1). The constancy 	attack by water, presumably owing to the remoteness of the 
in the observed rate constants, irrespective of the alkyl alkyl groups from the tetrahedral zinc atom. It is well 
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deuteriated solvent or an internal coaxial C 6 136 lock. 31 P 
chemical shifts are referred to 85% phosphoric acid, with shifts 
to higher frequency positive. For kinetic measurements, a 
spectral window of 5200 Hz, a pulse width of 4 ps (200),  an 
acquisition time of 0.787 s and a pulse delay of 5 s were used. 
Accumulations over 50 scans in the proton decoupled mod-- 
were found to give a satisfactory signal to noise ratio. pH 
measurements were made using a Kent EIL 7015 pH meter 
equipped with a model 1160 glass combination electrode. 
All solvents used were of AnalaR grade, and dried by 
appropriate means. Water used in the hydrolysis was deionised 
and distilled. 'Ether' refers to diethyl ether throughout. 
Potassium O,O-Dialkyl Dithiophosphate.—Pre pared by the 
neutralisation of the corresponding 0,0'-dialkyl dithiophos-
phoric acid (prepared by reaction of the appropriate alcohol 
with P 2 S 5 19) with a saturated solution of potassium hydrogen 
carbonate. Extraction with ether removed any unreacted acid 
and impurities and the remaining aqueous layer was evaporated 
in vacuo. The resulting residue was warmed in acetone and hot 
filtered to remove inorganic solids. On evaporation of the 
acetone, the potassium salt was obtained. Potassium 0,0- 
diethyl dithiophosphate, m.p. 19 1-195 OC(ace tone_ether)(lit2O 
194-195 °C), 6(D 2O) + 110.6 (lit., 2 ' +110.5). Potassium 
0,0-bis(2-propyl)dithiophosphate, m.p. 203 °C (lit., 22 193 °C), 
6(D 20) + 107.1 (lit., 2 ' + 107.4). Potassium 0,0-bis(2-
butyl)dithiophosphate, m.p. 126.5-128'C (acetone), 5,-
(CDCI 3) +108.5. Potassium 0,0-bis(4-methyl-2-pentyl)di-
thiophosphate, m.p. 153-157 °C (acetone), ö(CDC1 3) + 
111.6. Potassium 0,0-bis(2-ethylhexyl)dithiophosphate, oil, 
5(CDC1 3) + 109.3. 
'Normal' Zinc(ii) Bis(O,O-dialkyl dilhiophosphates) 1.—
Prepared by the reaction of potassium 0,0-dialkyl dithio-
phosphate with zinc(ii) sulfate in a 2:1 molar ratio in aqueous 
solution. Extraction with ether followed by evaporation in 
vacuo gave the ZDTP. 'Normal' zinc(ii) 0,0-diethyl dithio-
phosphate la (85%), m.p. 76-78 °C (heptane) (lit., 23 77 °C), 
ö(CDCl 3) + 96.5. 'Normal' zinc(ii) bis[O,O-bis(2-propyl)-
dithiophosphate] lb (85%), m.p. 144-145 °C (heptane) (lit.," 
144.5 °C), 5(CDCl 3) + 94.8. 'Normal' zinc(ii) bis[0,0-bis-
(2-butyl)dithiophosphate] ic (83%), oil, 6(CDCl 3) + 87.81  
H(CDCI s) 0.94 (12 H, t 3  J, CH3), 1.37 (12 H, d, 3H 
6.2, CH 3), 1.70 (8 H, m, CH 2), 4.66 (4 H, m, 3PH < 1 Hz, 
CH). 'Normal' zinc(ii) bis[O,O-bis(hexyl)dithiophosphate] id 
(85%), oil, (CDCl 3) + 97.9, 5,.,(CDCI) 0.87 (12 H, t, 3H 
6.4, CH 3 ), 1.32 (24 H, m, 3 x CH 2 )
1  1.71 (8 H, m, CH 2), 4.14(8 
H, dt, 3 HPH 9.0 Hz, 3,4, 6.5, CH 20). 'Normal' zinc(ii) bis[0,0-
bis(4-methyl-2-pentyl)dithiophosphate] le (93%), oil, 5,,-
(CDCI 3 ) + 93.1, 5H(CDCI 3 ) 0.90 (12 H, d, 3  J 6.5, CH 3), 0.94 
(12 H, d, 3H  6.5, CH 3 )1  1.32(4 H, m, CH), 1.40 (12 H, d, 3H  6.2 
Hz, CH 3 ), 1.73 (8 H, m, CH 2 ), 4.77 (4 H, m, CH). 'Normal' 
zinc(Ii) bis[0,O-bis(2-ethylhexyl)dithiophosphate] if (79%), 
oil, 6(CDCl 3 ) + 100.6, 5H(CDCI3) 0.89 (24 H, m, CH 3), 1.26 
(32 H, m, CH 2 ), 1.58 (4 H, m, CH), 3.85 (8 H, m, CH 20). 
Hydrolysis of 'Normal' Zinc(ii) Bis(O,O-dialkyl dithiophos- 
phates).—The ZDTP (3.50 mmol), triphenyl phosphate (0.554 
g; 1.70 mmol) and distilled water (0.630 g; 35.0 mmol) were 
mixed in DME (10.0 cm'). The resulting solution was 
transferred to a series of NMR tubes which were sealed and 
heated in a water bath at 85 ± 0.2 °C. Kinetic measurements 
were obtained by monitoring the 31 P NMR spectra for the 
disappearance of the ZDTP at time interval, t, at which point 
the NMR tube was removed from the water bath and quenched 
in ice. 
Hydrolysis of Zinc(ii) Bis[O,O-bis(4-methyl-2-pentydithio-
phosphate] le in Acid Conditions.—The hydrolysis of 4-methyl-
2-pentyl ZDTP was carried out using mixtures prepared as 
described above, one using DME saturated with HCl gas to give 
a pH = 1 and another to which 3 drops of conc. hydrochloric 
acid had been added to give a pH < 0. Both solutions were 
transferred to NMR tubes and hydrolysed in the usual way, 
along with a similarly prepared neutral solution for comparison. 
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'NORMAL' ZINC(II) O,O-DIALKYLDITHIOPHOSPHATE LUBRICATING 
OIL ADDITIVES AND RELATED COMPOUDS 
ALAN J. BURNa,  IAN GOSNEYb, PAUL S.G. TANb,  AND JOHN WASTLEb 
aBritish Petroleum International, Sunbury Research Centre, Chertsey Road, 
Sunbury on Thames, Middlesex TW16 7LN, England. 
bDepartment of Chemistry, University of Edinburgh, West Mains Road, 
Edinburgh EH9 3JJ, Scotland. 
We have shown by 31 P NMR techniques that Zinc(II) bis(O,O-dialkyldithiophosphates), 
Zn[S2P(OR)2]2, 1 (ZDTPs) undergo a complex hydrolytic process involving attack at 
zinc by water to form the intermediary 0,0-dialkyldithiophosphoric acid, PS2(OR)2, 
RO S zn S OR 
:< ;: >: 
RO S i S OR 
followed by further hydrolysis to thiophosphoric acid, PS(OH)3. This species is then 
either hydrolysed further to give phosphoric acid, PO(OH)3, the major product, or 
undergoes a series of transesterification reactions with the 0,0-dialkylthiophosphoric 
acid to give the minor products O-alkylthiophosphoric acid, PS(OH)2(OR), 0,0-
dialkylthiophosphoric acid, PS(OH)(OR)2, and 0-alkylphosphoric acid, PO(OH)2(OR). 
A number of ZDTPs bearing the following alkyl groups have been studied: R= ethyl, 
2-propyl, 2-butyl, n-hexyl, 4-methyl-2-pentyl and 2-ethyihexyl. Kinetic studies show the 
reaction to be acid catalysed and that the size and nature of the alkyl group have little or 
no bearing upon the rate of hydrolysis. This constancy, besides providing further 
evidence for attack by water at the zinc centre rather than at phosphorous, also shows that 
for a given ZDTP, its structure represents no steric or hydrophobic hindrance to attack by 
water, presumably due to the remoteness of the alkyl groups from the tetrahedral zinc 
atom. We attribute this inability to provide a protective shield by the longer alkyl groups 
to hydrophobic interactions (otherwise called hydrophobic bonding). We have also 
observed that in the presence of its 'basic' form, Zn4[S2P(OR)2]20, hydrolysis of 
'normal' ZDTP is inhibited. This effect is asribed to the interaction between the 0,0-
dialky1dithiophosphoric acid formed during hydrolysis of 'normal' ZDTP and zinc oxide, 
a product of the decomposition of the 'basic' ZDTP. 
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Phosphorus-31 NMR Investigation of the Comparative Hydrolytic Breakdown 
of Nickel(u)—and Cadmium(u) versus Zinc(u)—Bis(O,O-Diethyl 
Dithiophosphates) in an Aqueous Medium 
Alan J. Burn," Sharwan K. Dewan,b Ian Gosney," Kenneth G. McKendrick,b 
Chris P. Warrens,a  John P. Wastleb  and Cameron W. Watsonb 
I  BP International Ltd., Sunbury Research Centre, Chertsey Road, Sunbury-on- Thames, Middlesex, 
UKTW167LN 
b Department of Chemistry. The University of Edinburgh, West Mains Road, Edinburgh, UK EH9 3JJ 
The hydrolytic breakdown of nickel(ii)—and cadmium(ii)—bis(O.O-diethyl dithiophosphates) lb 
and c, respectively in aqueous dimethoxyethane at 85°C have been studied using 31 P NMR 
spectroscopy. The complexes are hydrolysed at different rates although in each case the process 
leads to identical end-products, viz, phosphoric acid 7, 0-ethyl 0,0-dihydrogen phosphorothioate 
8. 0.0-diethyl 0-hydrogen phosphorothioate 9, and ethyl dihydrogen phosphate 10. Comparison of 
the kinetic results obtained with those for the previously studied zinc(ii) analogue la show that 
there is ca. one hundred-fold decrease in the rate of hydrolysis for the nickel(ii) complex, this 
being ascribed to the intervention of two hitherto unobserved hydrated species 11 and 12 both of 
which are sufficiently stable to be observed by 31 P NMR spectroscopy. Similar intermediates are not 
observed with the cadmium(u) complex ic which hydrolyses at a comparable rate to its zinc 
counterpart. These results are explained in terms of the respective metal–sulfur bond strengths of 
the dithiophosphate complexes and further support the contention that hydrolysis occurs by attack 
of water at the metal centre followed by the loss of 0,0-diethyl S-hydrogen phosphorodithioate 3. 
the primary hydrolysis product. 
Previously, we have described in some detail 31 P NMR 
spectroscopic studies of the kinetics and mechanism of the 
homogeneous hydrolysis of 'normal' zinc(n) 0,0-diethyl 
dithiophosphate, ZnEPS 2(OEt) 212  (diethyl ZnDTP) la" and 
some other dialkyl ZnDTPs 3 (Scheme I). The role of these and 
EtO\ 
	 / 
S 	S 	OEt 
EtO""SS ' oEt 
1 a M=Zn 
b M=Ni 
M = Cd 
other metal dialkyl dithiophosphates (MDTPs) as anti-oxidant 
and anti-wear agents in lubricating oils and as anti-oxidants in 
hydrocarbon polymers' has been extensively studied. 
In this paper we report a detailed investigation into the 
comparative hydrolytic behaviour of the related nickel(n) 0,0-
diethyl dithiophosphate, Ni[PS 2(OEt)2]2 (diethyl NiDTP) 
lb and cadmium(n) 0,0-diethyl dithiophosphate, Cd[PS 2-
(OE02]2 (diethyl CdDTP) Ic, using 31P NMR spectroscopy as 
a tool for the identification of intermediates and final products. 
The ethyl derivatives were chosen for these studies for 
continuity and for their ease of preparation and purification. 
As before, we employed I ,2-dimethoxyethane (DME) as the 
reaction medium because of its miscibility with water and its 
boiling point (85 °C) which allows a homogeneous-phase 
hydrolysis of the MDTPs to be studied over a reasonable time-
scale. 
Results and Discussion 
The hydrolysis of the metal dialkyl dithiophosphates M[S 2P-
(OEt)2]2 was carried out using freshly prepared samples and 
distilled water in a 1:10 molar ratio in DME heated at 85°C. 
The 31P NMR hydrogen-decoupled spectra were monitored for 
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the disappearance of the MDTP until completion of hydrolysis 
as well as for the formation of intermediates and products. 
Identification of these species was made on the basis of peak 
enhancement techniques by addition of authentic samples and 
by consideration of the peak multiplicities obtained from 31 P 
NMR hydrogen-coupled spectra in conjunction with results 
obtained from our previous studies. 1-3 
Hydrolysis of Nickel(n) O,O-Diethyl Dithiophosphate lb.—
The 31 P NMR hydrogen-decoupled spectra for the hydrolysis 
of diethyl NiDTP lb are shown in Fig. I and indicate that there 
are a number of significant differences between this process and 
the hydrolysis of ZnDTPs previously investigated.' .3  The most 
apparent of these differences is the time taken for the hydrolytic 
consumption of lb to occur. In the case of diethyl ZnDTP la, 
hydrolysis is complete within 90 min at 86°C in a ten-fold 
excess of water, whereas the disappearance of lb is Ca. 100 times 
slower, requiring something in the order of six days under the 
same conditions. This striking divergence in hydrolytic stability 
cannot be ascribed to an induction period, as was the case for 
some ZnDTPs previously studied,' but may be explained by 
consideration of the respective M–S bond strengths and bond 
lengths for the nickel and zinc complexes. Typical single-bond 
energies for Ni–S and Zn–S are reported' to be 344 and 205 kJ 
mol', respectively. Correspondingly, the reported Ni–S bond 
length  of 2.21 A is considerably shorter than the value of 
2.35 A for the zinc dithiophosphate complex." We have 
previously argued that hydrolytic attack occurs at the metal 
with cleavage of the M–S bond and the formation of the corres-
ponding 0,0-dialkyl S-hydrogen dithiophosphate 3 (Scheme 
I). It is therefore clear that the increased energy required to 
cleave the much stronger Ni–S bond inhibits the rate at which 
the hydrolysis of the nickel complex lb occurs vis-a-vis its zinc 
counterpart. 
From Fig. I it is also evident that there are significant 
differences in the nature of intermediate species formed in the 
hydrolytic breakdown of the nickel and zinc complexes. For 
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Scheme I Mechanism for the hydrolysis of diethyl ZnDTP la at 85 °C 
in DME with 10 equiv. water 
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Scheme 2 Proposed formation of paramagnetic five- and six-
coordinate complexes of diethyl NiDTP lb in electron-donating 
solvents (S) 
Furthermore, electron-donation by the solvent to the nickel 
atom is expected to cause an increase in electron density in the 
dithiophosphate ligand, and is consistent with an increased 
shielding around the phosphorus nucleus with a corresponding 
reduction in chemical shift as observed. 
Further to these observations, hydrolysis of diethyl NiDTP 
lb in the initial stages gives rise to a number of intermediate 
species the like of which we had not previously encountered 
during our studies with ZnDTPs. After 24 h, four resonances 
are apparent, at +92.5 (sharp), +91.1 (sharp), +78.4 (broad) 
and + 61.8 ppm (broad). The latter of these is probably due to 
unresolved resonances of the hydrolysis products, Le. 6 and 8, 
which occur in that region of the spectrum. The two sharp 
peaks at + 92.5 and 91.1 ppm have the characteristic chemical 
Daux International Limited 
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Table I 31 P NMR chemical shift values of diethyl N1DTP lb in 
various solvents 
Solvenr 
DME 	 7.20 	+ 53.4 (br) 
DME—H20 	- + 55.7 (br) 
CDCI 3 	4.7 + 92.9 (sh) 
CH 3CN 38.8 +38.6(br) 
Benzene 	2.3 +91.0 (sh) 
Hexane 1.9 + 88.7 (shy 
Anhydrous unless otherwise stated. 'Relative permittivity. 'In the 
absence of a deuteriated solvent, an internal capillary lock was used 
instead; 'H-decoupled; sh = sharp, br '= broad. 	cf. Jp +94 for see- 
butyl analogue.' 
Table 2 	UV-VIS spectral data for diethyl NiDTP lb in chloroform 
and DME 
Chloroform DME 
band max/cm -' band max/cm` 
43103(9090) 41152(8320) 
35461 (6 460) 35088(5090) 
31205(2310) 31250 (17 800) 
26 178 (1 000) 26178(826) 
19608(95) 19 084 (85) 
14925 (75) 14881(1 L9) 
•e/dm3 moi' cm- I in parentheses. 
shifts of the dithiophosphate group. Furthermore, if these 
species are associated with the metal atom, the implication is 
that they do so in the form of a diamagnetic complex. In order 
to assist in the identification of these species, peak enhancement 
studies were carried out, and the resulting spectra are shown in 
Fig. 2. Thus, when a fresh sample of NiDTP lb was added to 
the hydrolysis mixture, the resulting spectrum [Fig. 2(b)] 
showed an increase in the intensity of the peaks at +90.4 and 
+ 88.4 ppm relative to the other peaks in the spectrum, and the 
concomitant appearance of a broad resonance centred around 
+45 ppm due to the parent species. In another experiment, 
addition of a freshly distilled sample of the 0,0-diethyl 
phosphorodit.hioate 3 to the reaction [Fig. 2(c)] produced no 
increase in intensity of either of the said two peaks, but instead 
led to their viival eradication, and the simultaneous formation 
of peaks dueLthe hydrolysis products 6 and 8, presumably by 
acid-catalysis. 
The outcome of these peak enhancement studies is that 
neither of the two peaks at +92.5 and +91.1 ppm can be 
attributed to the presence of 0,0-diethyl dithiophosphoric acid 
3. This is not surprising since we have shown previously' that 
under these conditions 3 undergoes very fast hydrolysis, and 
therefore will not be observed in any appreciable quantities 
over this time-scale. 
What is clear is that the peaks at +92.5 and +91.1 ppm are 
associated with the nickel complex lb and that they readily 
decompose to the partially hydrolysed products 6 and 8 in the 
presence of 3. Furthermore, the 31P NMR hydrogen-coupled 
spectrum showed a quintet for each of these signals (3JPH = Ca. 
10 Hz), which together with the value of their chemical shifts, 
established that both resonances are due to diethyl dithio-
phosphate species. On the basis of this evidence we propose 
that these resonances are due to the incursion in the initial 
stages of hydrolysis of hitherto unobserved hydrated NIDTP 
species 11 and 12 (Scheme 3) both of which are relatively stable 
to further hydrolysis, and consequently can be observed by 31P 
NMR spectroscopy. Further evidence to support this concept 
of initial complexation is based upon molar extinction co-
efficient studies 13 which have shown that the diethyl NiDTP 
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Fig. 3 31 P NMR spectra of the hydrolysis of diethyl CdDTP lc in DME with 10 equiv. water at 85 ± I °C 
Table 3 Best-fit kinetic parameters for the hydrolysis of MDTPs at 
85 ec  in DME with 10 mol equiv. of water 
103 k1/dm3 
M 	R 	 IO t0 /s 	10 5 k0/s' 	mol' s' 
Cd 	Ethyl 	10.8 	2.4 	2.3 
12.0 5.4 2.0 
12.5 	8.6 	1.8 
Zn 	Ethyl 	0.0 	11.9 	1.3 
Zn 2-Prop-2-yl 	0.0 9.4 2.0 
Zn 	But-2-yl 0.0 	19.1 	3.9 
Assumed induction period. 
combination of any truly uncatalysed hydrolysis and the acid-
catalysed rate at the initial pH of the system. In contrast, the 
'catalytic' coefficient, k,, is much less sensitive to the effect of 
any induction period, and is the quantity which can most 
sensibly be compared between different metal dialkyl DTPs for 
a fixed (excess) concentration of water. Consideration of the 
absolute values of k0 and k, reveals that typically the auto-
catalysed contribution to the rate exceeds the 'uncatalysed' 
component after only Ca. 30% of the initial concentration 
of metal Dl? has reacted. In some cases this fraction is 
considerably smaller. 
Results for diethyl CdDTP Ic and those ZnDTPs which are 
relatively free from an induction period are collected in Table 
3. The quality of the fit to the diethyl CdDTP data, and its 
dependence on the assumed induction period, are illustrated in 
Fig. 4(a). The corresponding plot for diethyl ZnDTP la, which 
is not subject to an induction period, is shown for comparison 
Da8x Intcmational Limited
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in Fig. 4(b). This slightly more sophisticated analysis does not 
affect the basic conclusion that the rates of the auto-catalysed 
hydrolyses of both diethyl CdDTP ic and diethyl ZnDTP la 
are comparable (within a factor of Ca. 1.5). The rates for the 
series of ZnDTPs also lie within a factor of Ca. 3, confirming 
the previous conclusion that the identity of the alkyl substituent 
does not critically affect the rate-determining step. The diethyl 
NiDTP hydrolysis reaction was not amenable to an equivalent 
quantitative analysis due to the broad nature of the NiDTP 
resonance and the presence of other overlapping signals 
preventing accurate data being obtained from the 31P NMR 
spectra, but it is nevertheless clear that the rates are some two 
orders of magnitude slower under equivalent conditions for 
the reasons discussed previously. This lack of influence by the 
central metal atom (Cd vs. Zn) on the rate of hydrolysis can be 
rationalised on the basis of our earlier findings that attack 
by water followed by rapid cleavage of the M—S bond (for 
ZnDTPs) is the rate-determining step in the overall process. 
Given that the single-bond energies for Cd—S (208.5 kJ mol') 
and Zn—S (205 kJ mol) are very similar, it is not surprising 
that the hydrolyses of the corresponding dithiophosphate 
complexes proceed at comparable rates. 
Finally, the precipitates formed during hydrolysis were 
analysed to determine the composition of the metal-containing 
residues. Previously, analysis of the precipitate formed during 
the hydrolysis of diethyl ZnDTP la had shown that the zinc(n) 
hydroxide formed by the initial hydrolysis of the ZnDTP 
reacted further with hydrogen sulfide and the various phos-
phoric acid derivatives present to give a mixture of zinc 
hydroxide, zinc oxide, zinc sulfide and zinc phosphates.' The 
results of this analysis, along with those for diethyl NiDTP lb 
and diethyl CdDTP Ic are displayed in Table 4. From these 
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Potassium O,O-Diethyl Dithiophosphate.—Pre pared by the 
neutralisation of the corresponding O,O-diethyldithiophos-
phoric acid (prepared from the reaction" of ethanol with P2S 5) 
with a saturated solution of potassium hydrogen carbonate. 
Extraction with ether removed any unreacted acid and im-
purities and the remaining aqueous layer was evaporated in 
vacuo. The resulting residue was extracted with hot acetone 
and filtered to remove inorganic solids. On evaporation of the 
acetone, the potassium salt was obtained, m.p. 19 1-195 °C 
(acetone-ether) (lit.,' 5 194-195 °C); ÔP(D 2O) + 110.6 (lit.," 
+110.5). 
'Normal' Metal(n) O,O-Diethyl Dithiophosphates 1.—Pre-
pared by the reaction of potassium 0,0-diethyldithiophosphate 
with metal(n) sulfate in a 2: 1 molar ratio in aqueous solution. 
Extraction with ether followed by evaporation in vacuo gave 
the MDTP. 
'Normal' nickel(n) 0,0-diethyl dithiophosphate lb. M.p. 105-
106 °C (lit.,' 7 105 0C); o(CDC1 3) + 92.9; ö(DME) +53 
(br). 
'Normal' cadmium(n) 0,0-diethyl dithiophosphate ic. (79%), 
m.p. 144-145 °C (lit.,"' 144 *Q ô(CDC1 3) + 107.7; c5(DME) 
+106.6. 
Hydrolysis of 'Normal' Metal(n) 0,0'-Diethyl Dithiophos-
phate 1.—A solution of the MDTP (0.35 mmol) and distilled 
water (0.630 g; 35.0 mmol) in DME (10.0 cm 3) was transferred 
to a series of 5 mmNMR tubes which were sealed and heated in 
a water bath at 85 ± 0.2 °C. At periodic time intervals, a sample 
was removed, quenched in ice and the progress of the reaction 
monitored by 31P NMR spectroscopy. Triphenyl phosphate 
was used as an inert internal standard and the 'H-decoupled 
spectra were obtained under conditions in which the T, values 
of the various species were taken into account (see ref. 1). 
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Appendix 
The rate-determining step of the reaction is assumed to be 
hydrolysis of the MDTP, initially present at a concentration, 
a0 . This process is autocatalysed by H produced in the 
reaction. The pseudo-first-order rate constant is therefore 
assumed to obey the relationship (Al), where x is the 
(Al) 
concentration of MDTP which has reacted. The water is 
considered to be in sufficient excess to remain at a constant 
concentration throughout the course of reaction. The dif-
ferential equation for X- is therefore (A2), which may be 
dx 
- = k 0(a0 - x) + k,x(a0 - x) 	(A2) 
dt 
integrated' 9 to yield the solution (A3). The parameters a and 
x1a0 = {exp(pt) - 1 }/{exp(flt) + a) 	(A3) 
fl, which are derived from non-linear least squares fits 20 to the 
observed variation of the MDTP concentration with time, may 
be inverted to the kinetic parameters through (A4a) and (A4b) 
k0 = fl/(l + a) 	 (A4a) 
= afi/[a0(1 + a)] 	 (A4b) 
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